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We investigate the galaxies with extremely red K − [3.6] color in this paper. With a
combination of ultra deep and wide infrared survey data from the Spitzer Extended Deep
Survey (SEDS) and the UKIRT Infrared Deep Sky Survey, we selected 38 objects satisfying
K − [3.6] > 1.3 in the 0.34 deg2 SEDS UDS field. From spectral energy distribution (SED)
fitting using up to 16 photometric bands, we find our color selection identifies a variety of
galaxy types, including (1) passive galaxies at z & 5, (2) dusty star-forming galaxies at z < 4,
(3) nebular line emitters at z > 4, and (4) AGNs. Fifteen red K − [3.6] galaxies are identified
as AGNs or dust obscured galaxies at z = 1 − 4. While we failed to isolate significant fitting
solutions individually for the remaining 23 galaxies, we identified the three most likely passive
galaxies at z & 5 which are characterized by relatively blue [3.6]− [4.5] colors. Their stacked
SED is well fit by the passive template with M∗ = (5.8 ± 0.8) × 1010 M at z ∼ 6. The
stellar mass density of these passive galaxy candidates, (8.2±4.8)×10−7 M Mpc−3, is much
lower than that of star-forming galaxies, but the non-zero fraction suggests that initial star-
formation and quenching have been completed by z ∼ 6. We also found that the number
density of the passive candidates at z = 5− 7 shows no notable difference from that of dusty
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1.1 Various galaxy populations in the universe
It is well known that wide variety of galaxies exist in the local universe, which is often
understood with the Hubble sequence (Figure 1.1). While the Hubble classification, which was
initially proposed by Edwin Hubble in 1920s - 1930s ([Hubble(1936)]) and improved by several
authors (e.g., [de Vaucouleurs(1959)], [Kormendy & Bender(1996)]), is based on the visual
inspection of the morphology, each type of galaxies in this classification has physically different
properties. Especially, there is a clear separation in star formation rate (SFR) between
early-type galaxies and late-type galaxies. Early-type galaxies which are classified by their
spheroidal morphology have much smaller SFRs than late-type galaxies which are classified by
their disk and spiral components. Actually, the bimodality in SFR can be observed even for
local faint galaxies or high redshift galaxies ([Williams et al.(2009)]), for which the traditional
Hubble classification does not work. In the following, we briefly introduce several types of
galaxies at both low- and high-redshift, according to their star-formation activity.
1.1.1 Passive galaxies
Local elliptical galaxies are forming no or very small amount of new stars, and consist of
old low-mass stars. They typically contain little or no dust or gas, while substantial amount
of hot gas emitting X-ray photons associates with some elliptical galaxies. These physical
properties of elliptical galaxies make their optical colors red, and their colors strongly cor-
relate with the absolute magnitudes. The tight relation in color-magnitude diagram, ‘red
sequence’, is caused by the correlation between stellar mass and metallicity, that is, galaxies
with larger stellar mass have higher metallicity. From these, it is naturally considered that
star-formation in elliptical galaxies were stopped long time ago and now they are just pas-
sively evolving. By the detailed modelling, their main star-formation epoch is expected to have
been at z > 2 ([Kodama et al.(1998)]). Elliptical galaxies have systematically higher stellar
mass than star-forming galaxies; they dominate the stellar mass function at M∗ > 1011 M
([Kelvin et al.(2014)]). In the local universe, there is a clear trend that elliptical galaxies pref-
erentially exist in high density region such as clusters of galaxies ([Dressler(1980)]), which sug-
gests that environmental effects play key roles in the formation of elliptical galaxies. Three di-
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Figure 1.1: The Hubble classification diagram; Early-type galaxies are on
the left and late-type galaxies are on the right. Image by NASA & ESA
(http://www.spacetelescope.org/images/heic9902o/).
mentional structures of elliptical galaxies are triaxial ([Saraiva et al.(1999)]), and they further
can be separated into the boxy ellipsoids and disky ellipsoids ([Bender et al.(1988)]). In the
classical view, the elliptical shapes are supported by the random motion of stars rather than
by the rotation. This picture is the case especially for most massive elliptical galaxies, while
less massive elliptical galaxies tend to have significant net rotation ([Davies et al.(1983)]). We
note that revealing the relation or transition between defferent types of galaxies is essential
to understand galaxy formation and evolution.
Local lenticular galaxies are similar with elliptical galaxies in the point that their
star-formation is inactive and their gas and dust contents are typically small. Actually, they
show the similar photometric properties and environmental dependency; both elliptical and
lenticular galaxies consist of red sequence in the color bimodality, and prefer high-density
environments more than star-forming galaxies. On the other hand, lenticular galaxies are
kinematically different from massive elliptical galaxies; lenticular galaxies have disks which
are completely supported by net rotation.
Essential difference between the early-type galaxies (elliptical and lenticular galaxies) is
possibly the kinematics. Elliptical galaxies whose shapes are supported completely by random
motion are massive and boxy, while those with some rotational motion tend to be less massive
and disky ([Kormendy & Bender(1996)]). The latter seems to connect to the lenticular galax-
ies. Integral field spectroscopic surveys of nearby galaxies revealed that ∼ 80% of the early-
type galaxies have fastly rotating components and only ∼ 20% are the classical dispersion-
supported system (fast rotator and slow rotator, respectively; [Emsellem et al.(2011)]).
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Slow rotators have the kpc-scale cores which are kinematically decoupled with the outer com-
ponents and their luminosity-weighted stellar ages are older than 5Gyr, while fast rotators
have the smaller scale cores with younger stellar ages ([McDermid et al.(2006)]). These kine-
matical differences in the early-type galaxies are considered to be due to their difference in
the formation mechanism.
Passive galaxies also have been identified at high redshifts. They are often called as com-
pact quiescent galaxies or ‘red nuggets’ because they are very different from local analogs in
their compactness. Massive galaxies with evolved stellar population at z ∼ 2 have remarkably
small size, re ∼ 1 kpc, which are 5 times smaller than the local galaxies with the similar stellar
mass ([van Dokkum et al.(2008)]). It is observationally suggested that high redshift passive
galaxies are biased to high-density regions such as proto-clusters as with the local early-type
galaxies ([Kubo et al.(2013)]).
1.1.2 Star-forming galaxies
Spiral galaxies are representative poulation of star-forming galaxies in the local universe.
They consist of the three components; rotating disk, spheroidal bulge, and spatially extended
halo. Star-formation takes place in the disk, especially in the spiral arms, where gas and
dust strongly associated. Their SFR surface density is well correlated with their gas surface
density, which is often expressed in the power-law form, ΣSFR ∝ ΣNgas with N ∼ 1.4 (Schmidt
law; [Schmidt(1959)], [Kennicutt(1998)]). On the other hand, bulges are dominated by old
stars and shows no or little star-formation activity. Halos also consist of old stars, some of
which belong to grobular clusters.
Irregular galaxies are defined as that they neither fall into elliptical, lenticular, nor
spiral galaxies; their appearances are chaotic with neither spheroid components nor spiral
arm structures. While this definition is not rigid, most of irregular galaxies are forming stars
actively. They are roughly divided into the following two types: low-mass gas-rich system
(e.g., Small Magellanic Cloud) and interacting galaxies, where galaxy interaction or merger
often trigger star-formation.
Lyman break galaxies (LBGs) are most popular population at high redshift. They
are characterized or selected by their red colors due to the redshifted Lyman breaks and
blue colors in the redward of the breaks. This definition is technical, but high-redshift star-
forming galaxies are all satisfy this criteria unless they are heavily reddened by dust. Thanks
to this method, large sample of star-forming galaxies have been collected up to z ∼ 10
([Bouwens et al.(2014)] and references therein).
Lyα emitters (LAEs) are also star-forming galaxies at high redshift. They are character-
ized by strong Lyα emission lines. LAEs are classically considered to be very young, dust-free,
and star-forming galaxies containing large amount of gas, while several other interpretations
have been proposed (e.g., shock heating of gas by AGN or supernovae, clumpy distribution
of dust). Multi-band photometry of LAEs show that they are less massive, younger, and less
dusty system than LBGs ([Ono et al.(2010)] and references therein).
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1.1.3 Dusty star-burst galaxies
It is known that most active star-formation (star-burst; SFR & 10−100Myr−1) in mas-
sive galaxies are often obscured by dust, and sometimes have peculiar morphology. Therefore,
most active star-forming galaxies are identified by their dust emissions in the infrared or longer
wavelength range, rather than optical morphology or rest-frame ultraviolet colors.
Luminous Infrared Galaxies (LIRGs) are defined by their infrared luminosity at
λ ∼ 8−1000µm (LIR > 1011 L). Especially, LIRGs with LIR > 1012 L and LIR > 1013 L are
called as ultra LIRGs (ULIRGs) and hyper LIRGs (HLIRGs), respectively ([Sanders & Mirabel(1996)],
[Lonsdale et al.(2006)]). Dust heating in LIRGs is triggered by starburst or/and AGNs, where
substantial fraction of LIRGs are dominated by starburst ([Brand et al.(2006)]). Fraction of
major merger features in LIRGs increase as a function of LIR ([Kartaltepe et al.(2010)]),
which suggests that AGNs or starbursts heating dust are triggered by galaxy interactions.
LIRGs are rare in the local universe ([Soifer et al.(1987)], [Soifer & Neugebauer(1991)]), but
the number increase from z = 0 to 1 ([Le Floc’h et al.(2005)]). It is worthwhile to note that
cosmic SFR density is dominated by LIRGs at z = 0.6− 1.0 and substantially contributed by
ULIRGs up to z ∼ 2.5 ([Le Floc’h et al.(2005)], [Pérez-González et al.(2005)]).
Submillimeter galaxies (SMGs) are analog of LIRGs; they are actively star-forming
enshrouded by dust. Submillimeter instruments can detect high redshift starburst galaxies
thanks to the negative K correction, which is the effect that cold dust emissions make the
observed submillimeter flux remain aproximately constant for galaxies up to z = 10.
1.2 Formation of passive galaxies
1.2.1 Phenomenological scenario
When and how did massive quiescent galaxies like present-day elliptical galaxies form?
These days, the formation scenario in which local elliptical galaxies were formed by repeating
galaxy mergers (merging scenario) is favored more than the classical monolithic collapse sce-
nario ([Eggen et al.(1962)]). One of the striking evidences of the merging scenario is the size
evolution of quiescent galaxies ([Daddi et al.(2005)], [Toft et al.(2007)], [van Dokkum et al.(2008)],
[Morishita et al.(2014)]), which cannot be explained by the simple monolithic collapse and
quenching. Size growth from z ∼ 2 to ∼ 0 can be explained by merging, especially by dry
minor mergers ([Naab et al.(2009)], [Bezanson et al.(2009)]). They argued that minor merg-
ers effectively make the size larger and reduce the surface mass density rather than major
mergers, where they assumed gas poor dry mergers (i.e., total energy is conserved). While
minor mergers are expected to occur more frequently than major mergers, it is not clear how
frequently dry mergers occured compared with wet mergers. Recent obserrvations, however,
show that massive quiescent galaxies at z > 1 tend to host more numerous passive satellites
than star-forming central galaxies (galactic conformity; [Hartley et al.(2014)]).
Comprehensive pictures of the formation of local early-type galaxies come to be proposed
recently thanks to the wide and large area surveys. Barro et al.(2013) proposed the two evo-
lutionary tracks of massive quiescent galaxies, based on the number density evolution of red
and blue nuggets at z = 1.4−3. Blue nuggets are star-forming galaxies with similar structural
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Figure 1.2: (Left) Number density evolution of red and blue nuggets with M∗ > 1010 M (red
and blue squares, respectively). The solid black curves show the number density evolution
of blue nuggets required to match the observed number density of red nuggets that are well
fit by red curve, assuming that blue nuggets are transformed to red nuggets on timescale of
∆t = 0.3 or 1Gyr. (Right) Schematic picture of the two evolutionary tracks of early-type
galaxies. Early-type galaxies formed through the different paths in the surface mass density
(or size) at different redshifts. Figures adopted from [Barro et al.(2013)].
properties (compactness or surface stellar mass density) as red nuggets. Decreasing number
density of red nuggets with increasing redshift is consistent with the increasing number den-
sity of blue nuggets if blue nuggets were quenched and evolved into red nuggets on timescale
of 0.3−1Gyr (left panel of Figure 1.2). This quick transition from blue to red nuggets occured
at z = 3−1.5, later followed by the size growth of red nuggets, which are called as ‘early track’
(right hand panel in Figure 1.2). The truncation at z ∼ 1.5 is due to the rapid decrease of blue
nuggets at this redshift, which is naturally understood if they formed via gas-rich dissipational
processes as cold gas flow decrease with time ([Croton(2009)], [Dekel & Burkert(2014)]). Cold
gas inflow (e.g., cold gas accretion) as a main driver of the formation of blue nuggets might
also trigger AGN activity that cause the quick quenching, which is consistent with the ob-
servational AGN fraction in the blue nuggets (∼ 30 %) and the expected quenching timescale
(0.3−1Gyr). At z . 2, another evolutionary tracks is needed, because a substantial fraction of
quiescent population should form at lower redshift ([Bell et al.(2004)], [Faber et al.(2007)]).
Barro et al.(2013) argued that extended star-forming galaxies evolved slowly to quiescent
galaxies through the evolutionary path without notable size change (‘late track’, see the right
hand panel in Figure 1.2). While the quenching mechanism in the late track is not clear,
secuar process effectively supplying gas from extended disk into the center might play an
11
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important role ([Kormendy & Kennicutt(2004)], [Tadaki et al.(2014)]). Also it is expected
that galaxies that experienced the early track finally evolved to the local slow rotators that
are responsible for the massive-end of red-sequence, while galaxies in the late track evolved
to the fast rotators.
Figure 1.3: (Top) Schematic view of the evolutionary sequence of the most massive elliptical
galaxies. (Bottom) Sizes of SMGs (blue circles), blue (green circles), and red nuggets (orange
triangles). Note that these sizes trace the stellar components for blue and red nuggets, and
dusty nuclei for the SMGs, by measuring them in the NIR and sumbillimeter wavelengths,
respectively. Figures adopted from [Toft et al.(2014)] (top) and [Ikarashi et al.(2014)] (bot-
tom).
The formation of the most massive quiescent galaxies might be associated with more vio-
lent and intense starbursts. Toft et al.(2014) proposed the evolutionary scenario from SMGs
at z & 3 to red nuggets at z ∼ 2 (top panel in Figure 1.3). According to simulations, gas rich
major mergers can trigger a massive nuclear starbursts followed by AGN phase which stopped
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star-formation and leave compact remnants ([Naab et al.(2009)], [Wuyts et al.(2010)]). SMGs
are considered to harbor such merger driven intense star-fomation. They found that the SMGs
at z = 3− 6 have similar sizes, stellar mass, internal velocities with the red nuggets at z ∼ 2.
Their space densities are also consistent when assuming that star-formation in the SMGs
last for 42 Myr (short but consistent with their gas depletion timescale), from which they
suggeted that SMGs at z > 3 are the progenitors of red nuggets at z ∼ 2. Recent ob-
servations by the high spacial resolution submillimeter instruments such as ALMA strongly
supports this scenario by revealing the compactness of the dusty nuclei of SMGs at z > 3
([Ikarashi et al.(2014)], see bottom panel in Figure 1.3). This evolutionary link between SMGs
and red nuggets can be interpretted as the extreme case of the early track introduced above
(Figure 1.2), that is, blue nuggets are likely the late phase of less intense star-forming galaxies
than SMGs ([Toft et al.(2014)]).
1.2.2 Down sizing
While the above scenarios can explain several observational results (e.g., sizes, stellar mass,
and number density evolution), essential physics related to mass assembley and quenching
are still unknown. One of the biggest open questions is the physical origin of the down-sizing
in galaxy formation, which is the observed phenomenon that massive galaxies formed (were
quenched) earlier and more rapidly than lower mass galaxies ([Cowie et al.(1996)]). The
down-sizing can be seen in the several kinds of observational results; chemical abundance
([Worthey et al.(1992)], [Thomas et al.(2005)]), stellar population ([Gallazzi et al.(2005)]),
SFR evolution ([Kodama et al.(2004)], [Bundy et al.(2006)]), evolution in stellar mass func-
tions ([Conselice et al.(2007)], [Pérez-González et al.(2008)] but see also the negative ev-
idences, [Fontanot et al.(2009)]), and metallicity evolution ([Maiolino et al.(2008)]). The
down-sizing is apparently inconsistent with the bottom-up formation scenario of dark matter
halos which is strongly supported by the ΛCDM paradigm ([White & Rees(1978)], [Davis et al.(1985)],
[Mo, van den Bosch, & White(2010)], [Springel et al.(2005)]). It is likely that the baryonic
physics of galaxy formation involves more than just cooling and accretion of gas at a rate
dictated by gravity. Most simple explanation of the down-sizing may be the combina-
tion of the strong galaxy formation bias and strong feedback by AGNs or/and supernovae.
In biased galaxy formation scenario, denser peaks in the initial density fluctuation field
collapse earlier and hense galaxy formation (star formation and assembly) proceeds more
rapidly than in less significant density peaks ([Cen & Ostriker(1993)], [Benson et al.(2001)],
[Weinberg et al.(2004)]), where each galaxy build up in the bottom-up manner but the timescale
is different by their initial density environments (‘nature’). AGNs are expected to emerge at
the late stage of galaxy mass assembly and they regulate the further star-formation, which is
supported by both observational ([Cano-Dı́az et al.(2012)], [Förster Schreiber et al.(2014)])
and theorical ([Bower et al.(2006)], [Croton et al.(2006)]) works. While the galaxy formation
bias and AGN feedback are likely to be necessary for the formation of passive galaxies (Fig-
ure 1.3) including the down-sizing, it is quantitatively unknow how effectively they worked
and whether other mecanisms are additionally needed.
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1.2.3 Passive galaxy formation in the very early universe?
Searching and investigating the first passive galaxies to emerge at z & 5 potentially help
the understanding of the role of galaxy formation bias on the passive galaxy formation. This
is because the galaxy formation bias is more dominant at higher redshift than the ‘nurture’
environmental effects (e.g., ram pressure stripping, tidal stripping, starvation), which may
make the interpretation of observations less complicatied.
Figure 1.4: Surface number density of the possible reionization sources as a function of the
apparent rest-frame UV magnitude at z = 6.5. Black solid and dashed lines correspond
to the model sources that account for the entire ionization at z = 10.7 − 13, changing the
parameters (escape fraction and clumpiness factor). The observed passive galaxy at z ∼ 6.5 is
shown by black filled circle. Model sources are scaled as they have the same effective ionization
parameter (fraction of average Lyman continuum photon flux at z = 13−6.5 and rest-UV flux
at z = 6.5) with the observed passive galaxy. Figures adopted from [Panagia et al.(2005)].
Furthermore, passive galaxies at z & 5 might contribute to the cosmic reionization in
their intense star-formation phase. Panagia et al.(2005) had suggeted that one passive galaxy
at z ∼ 6.5 repoted in Mobasher et al.(2005) was responsible for the substantial fraction of
the reionization of the universe at much earlier epoch, z = 10 − 15, while it was found that
this passive galaxy itself is likely a lower redshift contaminant ([Dunlop et al.(2007)]). They
compared the number density of the observed passive galaxy at z ∼ 6.5 and that of the model
sources ([Stiavelli et al.(2004)]) needed to ionize the neutral hydogen at z = 10.7−13 assuming
14
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the several sets of Lyman continuum escape fraction (fesc) and InterGalactic Medium (IGM)
clumpiness factor (C) (Figure 1.4). The comparison resulted in that the passive galaxy at
z ∼ 6.5 can account for the entire reionization at z > 10 in the case of (fesc, C) = (0.26, 1)
or (1, 21). With the more plausible case of (fesc, C) = (0.2, 20), the z ∼ 6.5 passive galaxy of
Mobasher et al.(2005) can be responsible for ∼ 20% of the reionization of the universe.
Figure 1.5: Stellar mass functions (SMF) at z = 4 − 7. Black curves correspond to the
models which reproduce well the observed star-formation rate function (SFRF) of Smit et
al.(2012). Gray curves show the mass function of model galaxies selected by the Lyman
break method, which are consistent with the independent measurements of SMF of LBGs
(black squares; [González et al.(2011)]). At all redshifts, 5 − 10 times the number of LBGs
exist, which is due to the small duty cycle (∼ 10%) of the model galaxies. Figures adopted
from [Wyithe et al.(2014)].
It is clearly important to unravel the relationship among different galaxy populations such
as actively star forming galaxies, passive galaxies, and AGNs. However, our present knowl-
edge of galaxies at z & 5 are based primarily on star-forming galaxies and AGNs, due to
the limited sensitivity and volume of surveys carried out to date. While an intrinsic rarity
of quiescent galaxies at z & 5 is expected from the decreasing trend of their number den-
sity confirmed at lower redshift ([Kajisawa et al.(2011b)], [Domı́nguez Sánchez et al.(2011)],
[Muzzin et al.(2013)]), there are some observational facts that indirectly imply the existence
of z & 5 passive galaxy population. One is the discovery of the dusty starburst SMGs at z & 6
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([Riechers et al.(2013)]), and another is the finding that z ∼ 6 QSOs are located in already
metal-enriched interstellar environments ([Freudling et al.(2003)]). They can be considered
to be in already advanced evolutionary stage and rapidly evolve to passive galaxies because
of their intense star-formation or strong QSO feedback. It is also theoretically suggested
that substantial amount of passive population is needed to explain the predicted small duty
cycle of UV-bright star-forming galaxies as well as the inconsistency between the integrated
star-formation rate function and stellar mass function (Figure 1.5; [Wyithe et al.(2014)]). A
new, larger sample of pasive galaxies at z & 5 is needed to address a more complete picture
of galaxy formation and evolution at the very early epochs.
1.3 Selection of passive galaxies at high redshift
1.3.1 Balmer/4000Å Breaks: key features
In contrast with star-forming galaxies, which typically exhibit numerous emission lines
or strong Lyman breaks, passive galaxies are relatively difficult to identify at high redshift
because of their nearly featureless spectral energy distributions (SEDs). The Balmer/4000Å
break is the only strong feature in the SEDs of quiescent galaxies, and it has long been used
to identify them at z = 1− 3 ([Elston et al.(1988)], [Dickinson(1995)], [Yamada et al.(1997)],
[Yamada et al.(2005)], [Franx et al.(2003)], [Hatch et al.(2011)]).
The 4000 Å break arises because of an accumulation of numerous absorption lines mainly
by ionized metals, which is noticeable for G-type or cooler stars (left panel of Figure 1.6).
For hotter stars, opacity decreases because the metal elements are multiply ionized. As cool
less massive stars live longer than hot massive stars, stellar system which is not forming new
stars and dominated by old stars (e.g., grobular cluster, elliptical galaxy) has the strong 4000
Å break. Several authors investigated behaviors of the 4000 Å break of galaxies through stellar
population synthesis models ([Bruzual A.(1983)], [Poggianti & Barbaro(1997)], [Maraston(2005)]).
They usually used D4000 as the indicator of strength of the 4000 Å break, which is defined as
the ratio of the average flux in the two bands at the longward and shortward of 4000 Å. It
have been found that D4000 increase according to the increase of age while it also changes as
a function of metallicity or star-formation history (right panel of Figure 1.6).
For hotter stars than G-type stars, the Balmer absorption lines by hydrogen become
prominent instead of metalic lines, which produces the discontinuity around λ = 3648 Å
(the Balmer break). The Balmer break is most prominent in A-type stars. The hydro-
gen is mostly ionized in hotter stars (O and B), and the temparature is too low to ionize
the hydrogen in cooler stars. Therefore, stellar system whose SED is substantially con-
tributed by A-type stars has the Balmer break. For single stellar population galaxy, the
Balmer break develops 0.1 − 1Gyr after an instantaneous star-formation when O and B
stars leave the main sequence. Star-forming galaxies also can have the Balmer breaks in the
case that the number of O-type stars has reached nearly constant and that of A-type stars
is still increasing, in which more time is needed than the case of passively evolving galaxies
([Wiklind et al.(2008)]). Such behaviors can be seen in the stellar population synthesis models
(e.g., [Leitherer et al.(1999)]; see Figure 1.7). Observationally substantial number of galaxies
that show both the Balmer breaks and metalic absorption lines but lack strong emission lines
16
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Figure 1.6: (Left) The 4000 Å break in the spectrum of HD 72324 (G9 III star), which consist
of a large number of metalic absorption lines. (Right) D4000 as a function of age (time
after stopping star-formation) for sigle stellar population model galaxies. There are the four
types of models with different metallicity: Z = 0.004 (dashed), Z = 0.008 (dashed-dotted),
Z = 0.02 (solid), and Z = 0.05 (dotted). Figures adopted from [Gorgas et al.(1999)] (left)
and [Marcillac et al.(2006)] (right).
Figure 1.7: (Left) SEDs of STARBURST99 model galaxies with instantaneous burst starfor-
mation. Their ages range from 1 to 900Myr. (Right) Same as the left panel but with constant
star-formation. Figures adopted from [Leitherer et al.(1999)].
17
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have been found ([Dressler & Gunn(1983)], [Dressler et al.(1999)]), which are believed to be
passively evolving galaxies that experienced starburst in recent past (. 1Gyr). These young
passive galaxies are often called as ‘post-starburst’ or ‘E+A’ galaxies in distinction from much
older passive galaxies with the 4000 Å breaks.
1.3.2 Color selection methods
Objects with R−K > 5 or I−K > 4 in the Vega magnitude system select elliptical galaxies
with a strong 4000Å break at z ∼ 1 (Extremely Red Objects: EROs; [Thompson et al.(1999)],
[MacCarthy et al.(2001)], [Cimatti et al.(2002)], [Caputi et al.(2004)]). This ERO selection
was extended to higher redshift, z ∼ 2.4, by adopting the red z − [3.6] color criterion
(fν(3.6µm)/fν(z) > 20, IERO; [Yan et al.(2004)]). The near-infrared (NIR) color criterion
J − K > 2.3 (Vega) is often used to select quiescent galaxies at z = 2 − 3 (Distant Red
Galaxies: DRGs; [van Dokkum et al.(2003)], [Kajisawa et al.(2006b)], [Kubo et al.(2013)]).
While dusty star-forming galaxies also satisfy these simple R − K and J − K color crite-
ria, a substantial fraction of EROs and DRGs are spectroscopically confirmed to be pas-
sively evolved galaxies ([Cimatti et al.(2002)], [Doherty et al.(2005)], [Kriek et al.(2006a)],
[Kriek et al.(2006b)]). As spectroscopy is time-consuming, many authors instead have sep-
arated passive and dusty star-forming galaxies photometrically using two colors so that one
color brackets Balmer breaks and another color represents the shape of spectrum at longer
wavelengths. JHK color selection (J − K > 2(H − K) + 0.5 and J − K > 1.5 in the Vega
magnitude system) is similar to the DRG selection, but more sensitive to the evolved galaxy
population at z ∼ 2.5 ([Kajisawa et al.(2006a)], [Doherty et al.(2010)]). The redshift dis-
tributions of DRGs and JHK-selected galaxies are shown in Figure 1.8, which clearly show
that JHK-selected galaxies lie in narrower redshift range than DRGs. It is also known that
passive and dust-obscured galaxies at z > 2 separate well in the I − K vs. K − [4.5] two
color diagram ([Labbé et al.(2005)], [Papovich et al.(2006)], [Kubo et al.(2013)]). Recently,
rest-frame U − V and V − J (rest-UV J) color selection is favored, which allows us to distin-
guish passive galaxies from star-forming galaxies independently of their redshifts as long as
SED fitting works well ([Wuyts et al.(2007)], [Williams et al.(2009)], [Whitaker et al.(2011)],
[Brammer et al.(2011)], [Morishita et al.(2014)]).
At z > 3, the Balmer/4000Å break is shifted to λ > 1.6µm, and detecting quiescent
galaxies at those redshifts is a challenging task. Recently, however, a few candidates at
z = 4 − 6 were found in new extremely deep NIR and IR surveys. Huang et al.(2011)
analyzed very deep Hubble Space Telescope (HST ) and Spitzer imaging in the GOODS-
South field and identified four galaxies with H − [3.6] > 4.5. Huang et al. (2011) argued that
the four extremely red objects are likely distant passive galaxies rather than nearby dusty
galaxies, because their 24µm MIPS fluxes are weaker than expected if their rest-infrared SEDs
are similar to those of the central region of M82 (a local dusty galaxy with 5 < AV < 51) or
those of the dust obscured galaxies (DOGs) at z ∼ 2. Employing a similar strategy, Caputi
et al.(2012) identified 25 objects with H − [4.5] > 4 over ∼ 180 arcmin2 of the HST Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; [Grogin et al.(2011)],
[Koekemoer et al.(2011)]) UDS field. Their sample includes one z ∼ 6 quiescent galaxy
candidate whose SED is fitted well by a 0.5 Gyr old stellar template with stellar mass of
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Figure 1.8: (Top) Redshift distribution of DRGs with photometric redshifts (black), DRGs
with spectroscopic redshifts (red), and extremely faint DRGs with photometric redshifts
(green). (Bottom left) Redshift distribution of JHK-selected galaxies with photometric
redshifts (red) and spectroscopic redshifts (blue). (Bottom right) Distribution of spec-
troscopic redshift of JHK-selected galaxies (black), where red histgram shows the galax-
ies with the highly reliable redshifts. Figures adopted from [Grazian et al.(2006)] (top),
[Kajisawa et al.(2011a)] (bottom left), and [Doherty et al.(2010)] (bottom right).
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Figure 1.9: Tracks of three different types of model galaxies in the J − K vs. K − [3.6]
(top rows) and H − [3.6] vs. K − [3.6] (bottom rows) two color diagrams. In each track
z = 5 and z = 8 is represented by green and blue circle, respectively, except for the elliptical
galaxy tracks. In elliptical galaxy tracks, green and blue circles correspond to z = 2 and
z = 4. From these model tracks, Wiklind et al.(2008) determined the color selection criteria
of z = 5 − 8 passive galaxies (inside the red dashed regions in the two color-color diagrams).
Figures adopted from [Wiklind et al.(2008)].
3×1011 M. Many other red H − [4.5] objects also prefer high-redshift photometric solutions
(3 < z < 5), but their red SEDs are consistent with significant dust extinction 1.1 ≤ AV ≤ 4.2
([Caputi et al.(2012)]). Wiklind et al.(2008) proposed the color selection more sensitive to
passive galaxies at z = 4.9 − 6.5, which is based on the three colors, K − [3.6], J − K, and
H−[3.6] (Figure 1.9). They adopted their selection to the multi-band imaging available in the
GOODS-South field, and identified the 11 candidates of passive galaxies with ages 0.2−1Gyr
at z & 5. They mentioned that the number of candidates decrease to 4 if they allow only
objects undetected in the MIPS 24µm.
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1.4 Objective of this work
As we mentioned in Section 1.2, first passive galaxies to emerge are potentially interesting
sample to investigate the role of galaxy formation bias in the very early universe, and they
may also address new knowledge about the cosmic reionization. On the other hand, we
know very little about the passive galaxies at z & 5. Therefore, we aim to construct a
new sample of z ∼ 6 passive galaxies with more significance than the few previous studies
([Mobasher et al.(2005)], [Wiklind et al.(2008)], [Huang et al.(2011)], [Caputi et al.(2012)]).
In order to tackle this clear observational challange (searching the highest redshift passive
galaxies), we applied an original color selection to the 3.6µm imaging from the Spitzer Ex-
tended Deep Survey (SEDS; [Ashby et al.(2013)]) and the K-band imaging from the UKIRT
Infrared Deep Sky Survey (UKIDSS; [Lawrence et al.(2007)]). The K− [3.6] color is expected
to be more sensitive to the Balmer/4000Å break at z = 5 − 7 than H − [3.6] or H − [4.5]
because it spans a relatively short wavelength interval. The wide area of the UKIDSS Ultra
Deep Survey (UDS; [Almaini et al.(in prep)]) enables us to search for rare galaxies over the
entire SEDS UDS field (0.34 deg2), whereas the survey area of the previous studies using
HST are relatively small. Also it is interesting to investigate what populations of galaxies
other than high redshift passive galaxies consist of our new red galaxy sample. The aim of
this work is to identify passive galaxies at z & 5, as well as to investigate the composition of
the K − [3.6] color-selected objects.
This paper is structured as follows. In Section 2 we summarize data used in this work. We
describe the K − [3.6] color selection, classification of subsample using [3.6]− [4.5] color, and
the SED fitting analysis in Section 3. Identification of candidate quiescent galaxies at z & 5
and galaxy composition in our sample are described in Section 4. In Section 5, we discuss
the implications about the high-z quiescent galaxies. Our conclusions are summarized in
Section 6. Unless specified otherwise, we use the AB magnitude system ([Oke & Gunn(1983)])







This research is primarily based on data from Spitzer Extended Deep Survey (SEDS;
[Ashby et al.(2013)]), a very deep infrared survey using Spitzer’s Infrared Array Camera
(IRAC; [Fazio et al.(2004)]) to cover five well-known extragalactic science fields (the UKIDSS
Ultra Deep Survey, the Extended Chandra Deep Field South, COSMOS, the Hubble Deep
Field North, and the Extended Groth Strip). This survey consists of integrations to 12 hours
per pointng and total observing time of ∼ 2100 hours, which is the single largest Exploration
Science program carried out by the Spitzer to date (September, 2014). SEDS reaches a depth
of 25.4 mag (0.25 µJy; 3σ) in both of the warm IRAC bands at 3.6 and 4.5 µm within a
total area of 1.46 deg2. This great sensitivity enable us to detect galaxies down to ∼ 5 ×
109 M at z = 6, where Ashby et al.(2013) estimated the stellar mass sensitivity based on the
cosmological hydrodynamic simulations of Davé et al.(2006). Wide and separated coverages
of SEDS (1.46 deg2 in total) effectively reduce the uncertainties of statistical measurements
(e.g., luminosity function, number density) by the cosmic variance. SEDS is the deepest
survey among the Spitzer IRAC surveys with the coverage wider than 1 deg2 carried out to
date (Figure 2.1).
In this work we analyze the ∼ 0.34 deg2 of the SEDS UDS field, where rich multi-
wavelength imaging is available from a diverse array of ground- and space-based facilities.
2.2 Ancillary multiband imaging
The surveys used in this study are summarized in Table 2.2 and Figure 2.2. While each
survey team had estimated and published the PSFs and limiting magnitudes in their manner
specific to each survey, we again evaluated them by ourselves in the uniform method. This is
because the relative flux between different wavelengths that we measured is sensitive to the
PSF evaluation (due to the convolution, see Section 3.2) and the limiting magnitudes strongly
constrain the spectral energy distributions (SEDs) of our red objects as upper limits. We
evaluated the PSFs (FWHMs) by measuring the mode values of FWHMs of 100 - 200 bright
stars in the SEDS area using SExtractor [Bertin & Arnouts(1996)]. Limiting magnitudes were
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Figure 2.1: Comparison of major Spitzer IRAC extragalactic surveys in the 3.6µm depth
and area coverage space. SEDS is shown by black filled circle. Figure adopted from
[Ashby et al.(2013)].
measured by estimating the standard deviations of the background fluctuations with the ∼ 2×
PSF (FWHM) diameter apertures. Limiting magnitudes which we measured for the SEDS
3.6µm and 4.5µm imaging were found to be significantly brighter than the measurements
of Ashby et al.(2013), which is clearly due to the source confusion as mentioned in Ashby
et al.(2013). This difference do not cause any change in the result and discussion of this
work, because the red galaxies that we selected are all much brighter than both limiting
magnitudes. We trust the limiting magnitudes of the literature for SEDS. We show examples
of the estimation of PSFs and limiting magnitudes in Figure 2.3.
The visible-wavelength photometry comes from the Subaru/XMM-Newton Deep Survey
(SXDS) which covers almost the entire SEDS UDS area, reaching 5σ limits (2-arcsec di-
ameter aperture) of B = 27.5, V = 27.1, R = 26.9, i′ = 26.8 ([Furusawa et al.(2008)]).
For z′-band imaging, we used the new data obtained in 2008 - 2009 (P.I.: H. Furusawa;
[Furusawa et al.(in prep)]) with Suprime-Cam ([Miyazaki et al.(2002)]) on the Subaru Tele-
scope. This new z′-band imaging reaches the 5σ limits of z′ = 26.3 (2-arcsec diameter
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aperture), which is ∼ 0.5 mag deeper than that of the SXDS z′-band imaging.
The depth and coverage of the near-infrared imaging are the most important factors in
this study. Deep K- or H-band imaging is required to detect or constrain the flux at shorter
wavelengths than the Balmer break of quiescent galaxies at z & 5. We used the UKIRT/J ,
H, and K-band imaging (UDS DR101), which have ∼ 0.8 deg2 coverage containing nearly all
of the SEDS UDS coverage. In principle, wide area coverage should increase the detection
rate for quiescent galaxies at high redshift because their spatial distribution is expected to be
highly biased, which is the confirmed trend at 1 < z < 3 in the previous studies of EROs or
DRGs ([Daddi et al.(2000)], [Daddi et al.(2003)], [Roche et al.(2002)], [Hamana et al.(2006)],
[Tinker et al.(2010)], [Uchimoto et al.(2012)]). The UDS reaches depths of J = 24.9, H =
24.3, and K = 24.5 (5σ). Compared with the CANDELS/J and H-band imaging, the UDS
K-band imaging yields the advantage in the wide area and small wavelength interval between
K and 3.6µm. We estimated the above 5σ limiting magnitudes of the UDS by measuring
the standard deviation of the background fluctuations with 2-arcsec diameter apertures. Our
estimated limiting magnitudes are ∼ 0.3 - 0.4 mag shallower than the official values reported
by the WFCAM Science Archive1. These differences possibly due to contamination by very
faint objects in the apertures used for estimation of the background level; namely, we possibly
regarded very faint objects as backgrounds. For the present work, however, we adopt our own
measurements as the conservative limiting magnitudes.
Additional near-infrared imaging data are available from CANDELS. CANDELS is an
ultra-deep survey by HST/WFC3 and ACS, reaching depths of 28.4 mag (5σ) in ACS/F606W
and F814W and ∼27 mag in WFC3/F125W and F160W ([Grogin et al.(2011)], [Koekemoer et al.(2011)]).
Such deep near-infrared data are very useful to constrain SEDs of quiescent galaxies at z > 5
at wavelengths shortward of the rest-frame Balmer breaks. CANDELS covers only ∼ 200
arcmin2 inside the SEDS coverage, and we used the CANDELS data whenever possible.
We used the latest version (v1.0) CANDELS UDS imaging and the photometric catalog of
Galametz et al.(2013), which are publicly available in the CANDELS team website2.
While no survey achieved the same depth as SEDS in the mid-infrared range, shallower
IRAC/5.8, 8.0, and MIPS/24µm imaging from the Spitzer UKIDSS Ultra Deep Survey
(SpUDS; P.I.: J. Dunlop) may be useful to constrain the SEDs of galaxies. SpUDS is shallow,
but covers a wide area (∼ 1 deg2), which contains the entire SEDS UDS coverage. We found
that the limiting magnitudes are 21.7, 21.5, and 19.2 mag (7.6, 9.1, and 76 µJy; 5σ) in the 5.8,
8.0, and 24µm bands by measuring the standard deviations of the background fluctuations,
where we adopted 2 × PSF (FWHM) diameter apertures (4.2, 4.6, and 12 arcsec).
We also used SPIRE 250, 350, and 500µm imaging from the Herschel Multi-tiered Extra-
galactic Survey (HerMES; [Oliver et al.(2012)]). In the HerMES second data release (DR23),
SPIRE imaging in the L4-UDS field ([Oliver et al.(2012)]) is available, which contains the
entire SEDS UDS coverage. The depth of the SPIRE imaging is estimated by using the
corresponding error maps ([Levenson et al.(2010)]), finding that the limiting magnitudes are





























Figure 2.2: Coverages of the survey data used in this study: SEDS, UKIDSS, SXDS, New
z’-band, SpUDS, CANDELS ACS and WFC3 images. HerMES covers all other FoVs. We
investigated objects in the overlapped region of SEDS and UKIDSS (grey shaded region).
brighter than those described in Oliver et al.(2012), because all imaging data (Set23, 32, and
36) available in the L4-UDS field still have not combined as of DR2 (Set32 will be added
in the future data release). We used the HerMES band-merged source catalog (xID catalog;
[Wang et al.(2014)]) for the 250, 350, and 500 µm photometry.
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Figure 2.3: (Left) Estimation of the PSF (FWHM) of the UKIDSS UDS K-band imaging
(DR10): FWHM distribution of 200 stars as a function of magnitudes (black circles). Mode
value is shown by red line. (Right) Measured flux distribution (red histgram), where each flux
was measured using 2′′ diameter aperture located randomely in the background region of the
SXDS i′-band image. Black curve shows the gaussian fit, from which the standard deviation
and 5σ limiting magnitude were estimated.
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Table 2.1: UDS DATASET
Instrument Filter FWHMa Area Limiting magnitudeb Surveyc
(arcsec) (deg2) (5σ, AB)
Subaru/Suprime-Cam B 0.80 1.23 27.5 (1)
Subaru/Suprime-Cam V 0.80 1.23 27.1 (1)
Subaru/Suprime-Cam R 0.80 1.23 26.9 (1)
Subaru/Suprime-Cam i′ 0.80 1.23 26.8 (1)
Subaru/Suprime-Cam z′ 1.0 1.00 26.3 (2)
UKIRT/WFCAM J 0.79 0.78 24.9 (3)
UKIRT/WFCAM H 0.80 0.78 24.3 (3)
UKIRT/WFCAM K 0.75 0.78 24.5 (3)
Spitzer/IRAC 3.6µm 1.8 0.34 25.4 (4)
Spitzer/IRAC 4.5µm 1.8 0.34 25.4 (4)
Spitzer/IRAC 5.8µm 2.1 0.82 21.7 (5)
Spitzer/IRAC 8.0µm 2.3 0.80 21.5 (5)
Spitzer/MIPS 24µm 5.9 1.06 19.2 (5)
Herschel/SPIRE 250µm 18.2 2.0 13.5 (6)
Herschel/SPIRE 350µm 24.9 2.0 13.5 (6)
Herschel/SPIRE 500µm 36.3 2.0 13.3 (6)
HST/ACS F606W 0.11 0.052 28.4 (7)
HST/ACS F814W 0.11 0.051 28.4 (7)
HST/WFC3 F125W 0.19 0.056 27.0 (7)
HST/WFC3 F160W 0.19 0.056 27.1 (7)
aFWHMs were estimated by measuring the mean values of those of 100 - 200 bright stars in the SEDS area
except for HerMES. The PSFs for HerMES are quoted from Oliver et al. (2012).
bLimiting magnitudes were measured adopting 2 × PSF (FWHM) diameter aperture except for CAN-
DELS, SEDS, and HerMES data. Limiting magnitudes of CANDELS and SEDS are quoted from
[Koekemoer et al.(2011)] and [Ashby et al.(2013)]. For the HerMES imaging, the limiting magnitudes are
estimated by using the HerMES error maps [Levenson et al.(2010)].
c(1) SXDS - [Furusawa et al.(2008)] (2) New data - [Furusawa et al.(in prep)] (3) UKIDSS UDS
DR10 - [Lawrence et al.(2007), Almaini et al.(in prep)] (4) SEDS - [Ashby et al.(2013)] (5) SpUDS -





3.1 Object detection in the SEDS images
As our source extraction and photometry in the 3.6 and 4.5µm are essentially based on the
SEDS catalog ([Ashby et al.(2013)]), we briefly describe it in the first of this section. It is well
known that source confusion imposes a severe limit on the ability to identify faint sources in
ultra deep Spitzer IRAC images (e.g., [Sanders et al.(2007)]). Ashby et al.(2013), therefore,
paid special attention to the object detection and photometry so that they could maximumly
optimize the long integrations of the SEDS. They used StarFinder ([Diolaiti et al.(2000)]) for
this purpose. StarFinder repeatedly fits and subtracts a input PSF to sources detected in an
image. They iterated three times the process consisting of source extraction, PSF fitting, and
subtraction. In the first run, sources with flux brighter than the 5σ of background fluctuations
were extracted, the reference PSFs created using bright (10 − 15mag) stars were fit to them,
and then the PSF-fitted sources were subtracted from the original SEDS images. In the
second run, sources with flux brighter than the 3σ were extracted in the residual images
(i.e., images in which the bright sources were removed in the first run), and followed by the
PSF-fitting to and subtraction of the detected sources, where the 3σ threshold was computed
for the residual images. Finally in the third run, the same procedure as the second run was
again applied to the residual images. In each run, they measured the magnitudes of detected
sources with the fixed diameter apertures (2.4′′, 3.6′′, 4.8′′, 6.0′′, 7.2′′ and 12.0′′), where for the
accurate background estimation they reproduced each individual object from the image where
once all sources were removed. Using the reference PSFs (i.e., assuming that all objects are
not resolved), the measured aperture magnitudes were corrected to total magnitudes. The
SEDS catalog contains these aperture corrected total magnitudes for the objects which are
detected at both 3.6 and 4.5µm and brighter than 26 mag in at least one band. Also see
Ashby et al.(2013) for the complete descriptions of the SEDS catalog.
Completeness and photometric uncertainties in the SEDS catalog measured in Ashby et
al.(2013) are shown in Figure 3.1. They assessed them through the photometry of more than
105 artificial objects put into the SEDS mosaics. They counted the artificial sources of which
measured positions were within 1′′ of the true positions and measured flux was within 50%
of the priori flux to estimate the completeness. Using the same set of artificial objects the
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offsets between priori known and measured flux were estimated, from which the photometric
errors (standard deviations of the offsets) were estimated as a function of magnitude. This
approach is expected to be more plausible for the SEDS than the common noise estimation
in which standard deviation of background fluctuations are measured. This is because in
the ultra-deep but coarse spatial resolution image the supposedly background pixels may be
contaminated by sources just fainter than the detection threshold. While the uncertainties
at 26mag (∼ 0.36mag in the both 3.6 and 4.5µm) suggest that the objects with 26mag can
be detected with 3σ significance (3σ detection limit ∼ 26mag), the completeness at 26mag
is very low, a few %. This is clearly due to the source confusion. Even for detected objects
overcoming the source blending, source confusion makes the significant systematic bias in the
photometry at > 25mag (see the triangles and squares in the right-side figure of Figure 3.1).
Figure 3.1: (Left) Completeness in the SEDS five fields. Triangles and squares correspond
to the completeness in the 3.6 and 4.5µm image, respectively. (Right) Photometric bias
(triangles and squares) and erros (solid and dashed curves) in the SEDS images, which are
estimated using artificial objects with known flux. Figure adopted from [Ashby et al.(2013)].
From those described above, the SEDS catalog is reliable for statistical study of galaxies
at least brighter than 25mag. However, it is not necessarily the case for individual or rare
population of objects. Photometry for objects which have brighter neighbors is influenced by
whether the PSF-fitting and subtraction for brighter neighbors work successfully. It is secure
not to use objects with brighter neighbors for the photometric accuracy. Furthermore, source
confusion also makes it hard to compare or combine multi-band photometry, especially to
cross-match with the coarser resolution images (i.e., longer wavelength images). In this study,
therefore, we focus on relatively isolated sources among the SEDS catalog objects. In order
to select isolated sources, we performed source extraction again on the 3.6µm image by using
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aPixel unit. Note that a pixel scales 0.6′′ in the IRAC 3.6µm image.
We set the default values for other parameters about object extraction.
Figure 3.2: A postage stamp image of the SEDS 3.6µm, where the panel size is 50′′ × 40′′.
Sources used in our analysis are shown by red squares having sides of 2′′. Objects in the


















Relative to the SEDS catalog
Completeness of this work
Figure 3.3: Completeness of our source extraction in the 3.6µm image relative to that of
the SEDS catalog (red circles). We also plotted the completeness that was estimated by
multiplying that of the SEDS catalog ([Ashby et al.(2013)]) and the relative completeness
(black circles).
SExtractor ([Bertin & Arnouts(1996)]) version 2.5.0. It is suggested that SExtractor does
not resolve heavy source blending at faint flux level in IRAC images ([Sanders et al.(2007)],
[Ashby et al.(2013)]). The software was configured carefully so that we could extract as faint
isolated sources as possible. We show the SExtractor parameter settings in Table 3.1. The
objects detected in the both SEDS catalog and our own SExtractor catalog are selected
for our analysis. We estimated their 2.4′′ diameter aperture magnitudes by applying the
aperture correction factors of Ashby et al.(2013) to the SEDS catalog total magnitudes. The
objects used for our analysis are shown in Figure 3.2, where all objects in the SEDS catalog
are also shown for comparison. We expect that in crowded regions SExtractor selectively
identified bright objects and missed the relatively faint neighbors, for which the influence on
the aperture photometry by the nearby bright objects might be severe. We also failed to
detect very faint isolated sources, which do not change the result of this paper because such
faint objects in 3.6µm cannot be identified as red K − [3.6] objects. The completeness of our
source extraction in the 3.6µm image relative to the SEDS catalog is shown in Figure 3.3. By
multiplying this relative completeness and the completeness of the SEDS catalog (Figure 3.1;
[Ashby et al.(2013)]), we estimated the completeness of this work (Figure 3.3).
3.2 Multi-band photometry for SEDS-detected objects
We measured the 2.4′′ aperture magnitudes using the iraf PHOT for the B, V , R, i′, z′,
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J , H, K, 5.8µm, and 8.0µm images, where each aperture was centered on the position of the
object detected in the 3.6 µm image.
The B, V , R, i′, z′, J , H, and K band images were convolved to the same resolution as
that of the 3.6 µm and 4.5 µm images (FWHM ∼ 1.8′′). We corrected the B, V , R, i′, z′, J ,
H, and K magnitudes for the Galactic extinction with AB = 0.091, AV = 0.07, AR = 0.056,
Ai′ = 0.044, Az′ = 0.031, AJ = 0.019, AH = 0.012, and AK = 0.0075. These values were
estimated for the position (02h18m00s,−05◦00′00′′) in the UDS based on Schlegel et al.(1998),
assuming RV =AV /E(B − V ) = 3.1.
When we measured the 2.4′′ diameter aperture magnitudes in the 5.8 and 8.0µm images,
we corrected the difference of PSFs to be matched with those of the 3.6 and 4.5µm images
assuming the same surface brightness profile in all bands (‘negative aperture correction’).
For the purpose, we smoothed the 4.5µm image to the same resolution as that of the 5.8
and 8.0µm images (FWHM ∼ 2.1′′ and 2.3′′), respectively. The correction factors for the
photometry in the 5.8 and 8.0µm were then obtained from the flux ratio of the original and
smoothed 4.5µm images for each individual object. We show the correction factors for all
objects detected in the original 4.5µm image in Figure 3.4. The average correction factor is
−0.09 and −0.15 mag for the 5.8 and 8.0µm images, respectively.
Figure 3.4: Correction factors for the SpUDS 5.8 and 8.0µm photometry. They were estimated
from the original and smoothed SEDS 4.5µm images, where the latter have the same spatial
resolution as the 5.8 or 8.0µm image (see the text for the details). Red circles correspond to
the 38 TRGs.
For sources in the CANDELS area, we used the CANDELS UDS catalog ([Galametz et al.(2013)])
to supplement our SED measurements. The total magnitudes in the catalog measured by
TFIT ([Laidler et al.(2007)]) were converted to the 2.4′′ aperture magnitudes by the aper-
ture correction factor. The correction factor (+0.16 mag in both ACS and WFC3 images)
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was determined by using the images of the typical isolated sources smoothed to be matched
with the SEDS resolution (PSF = 1.8′′ in FWHM), where the typical sources in the CAN-
DELS images have much smaller PSFs (FWHMs) than 1.8′′ ([Ashby et al.(2013)]). In other
words, we simply calculated the ratio of the 2.4′′ aperture flux and total flux for the two
dimensional gaussian light profile with the FWHM of 1.8′′, and adopted it as the correc-
tion factor. We also corrected the Galactic extinction with AF606W = (AV +AR)/2 = 0.063,
AF814W = (Ai′+Az′)/2 = 0.038, AF125W =AJ = 0.019, and AF160W =AH = 0.012.
We checked whether our objects are sufficiently bright to be detected in the SpUDS 24µm
and HerMES imaging. For the SpUDS 24µm image, object detection and photometry within
12” diameter apertures was performed using SExtractor (the parameter configurations are
shown in Table 3.2). For the HerMES images, the 250, 350, and 500µm fluxes were obtained
for the objects in the HerMES DR2 catalog ([Oliver et al.(2012)], [Wang et al.(2014)]).









aPixel unit. Note that a pixel scales 1.2′′ in the MIPS 24µm image.
We set the default values for other parameters about object extraction.
3.3 Color Selection of TRGs
We constructed the main sample of this study by applying the following single color
criterion: K − [3.6] ≥ 1.3. The K − [3.6] color threshold was determined to identify pas-
sive galaxies with strong Balmer breaks at z & 5 by using the stellar synthesis models of
GALAXEV ([Bruzual & Charlot(2003)], hereafter BC03). We investigated the K − [3.6] col-
ors of the BC03 SSP model galaxies as a function of redshift, in which we changed their
ages, metallicities, and dust extinction AV . For the BC03 model templates, we adopted the
Initial Mass Function of Chabrier et al.(2003) (Chabrier IMF) and Calzetti dust extinction
law ([Calzetti et al.(2000)]). The representative results are shown in Figure 3.5, 3.6, 3.7, and
3.8. We fixed ages of model galaxies in Figure 3.5 - 3.7, while formation redshifts (zf ) are
fixed in Figure 3.8. We found that SSP model galaxies with solar metallicity and ages older
than 0.25 Gyr satisfy K − [3.6] > 1.3 at z & 5. The fact that the extremely metal-poor model
galaxies (Z = 0.0001) cannot reach the K − [3.6] color threshold without dust reddening is
not issue for our study, where we consider that it is enough to sample chemically evolved
galaxies at high redshift.
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Figure 3.5: Left three panels show K− [3.6] colors of BC03 SSP model galaxies with the fixed
age of 1Gyr as a function of redshift, where metallicity and dust extinction AV are changed.
Colors are not drawn at the redshifts where corresponding universe age is younger than 1Gyr.
Right panel shows spectra of the BC03 SSP model galaxies with the age of 1 Gyr at z = 6,

















































































































































Figure 3.8: Left three panels show the K− [3.6] colors of the BC03 SSP model galaxies which
are formed at zf = 15, where metallicity and dust extinction AV are changed. These model
galaxies have different ages by their redshifts, where the relation between the redshift and
age of galaxies is also shown (Right).
We selected 38 objects which satisfy the above K − [3.6] criterion in the SEDS UDS
field. We refer to these 38 objects as 3µm Red Galaxies (TRGs), and numbered them from
ID1 to ID38. They are shown in the color-magnitude diagram of Figure 3.9. The peaks of
K − [3.6] color distribution and the associated 4σ uncertainties estimated by propagating the
photometric errors are also shown as a function of 3.6µm magnitudes in Figure 3.9 (green
circles and error bars). The 4σ color upper limits for the objects with the peak colors are
below 1.3 and the number of objects is less than 10,000/mag down to [3.6] = 24.5, which imply
that typical foreground or background objects are less likely to satisfy our color criterion.
We also checked the possible contamination by photometric error. TRGs with K − [3.6]
colors are marginally above the threshold might be the contamination whose intrinsic color
is below the threshold. Oppositely, there might be non-TRG objects with intrinsic K − [3.6]
colors above 1.3, which are however observed as K − [3.6] < 1.3 due to the photometric
uncertainties. Actually, observed colors of substantial number of objects stride over the
K− [3.6] colors within the 1σ color errors (left panel in Figure 3.10). We further obtained the
pragmatic estimates of the number of objects that stride over the K− [3.6] color threshold, by
iteratively adding the offsets to the observed colors which were extracted from the gaussian
probability distributions. In this procedure, we regarded the observed color distribution as
the intrinsic distribution. The results, the number of contamination by non-TRGs and the
number of TRGs which stride over and become below the threshold, in each operation are
shown in Figure 3.10 (right panel). This shows that about 40 objects possibly contaminate
our TRG sample, though their intrinsic colors are significantly red (K − [3.6] ∼ 1). This high
fraction of possible contamination is problematic, but this does not change our most important
result about the high redshift passive galaxies because contaminations should be rejected in
the further selection procedures including the SED fitting (in the following sections). On
the other hand, potential TRGs that is however observed as K − [3.6] < 1.3 due to the
photometric errors, of which number is expected to be about 10, may change the number of
passive galaxies at z & 5. We will again come back to this issue later.
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Figure 3.9: [3.6] vs. K − [3.6] color magnitude diagram. Black open circles are the 38 TRGs
that are main targets in this study. The red line corresponds to K − [3.6] = 1.3. The green
circles show the peaks of K − [3.6] color distribution as a function of 3.6µm magnitude, and
error bars correspond to the 4σ color errors estimated from the photometric errors in the K
and 3.6µm images. Magenta filled circles are the TRGs with MIPS 24µm detection. The
objects denoted as ‘X’, ‘R’, and ‘S’ have the counterparts in the X-ray ([Ueda et al.(2008)]),
radio ([Simpson et al.(2006)]), and submillimeter ([Coppin et al.(2006)]) images, respectively
(see the text in Section 4.2.1).
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Figure 3.10: (Left) Same as Figure 3.9, but we added the photometric errors to the objects
that stride over the color threshold (K − [3.6] = 1.3) within the 1σ color errors. Cyan
errorbars correspond to the non-TRGs which are possibly observed as TRGs and orange
errorbars correspond to the TRGs which are oppositely observed as non-TRGs. (Right)
Number of contamination by non-TRGs (cyan points), the number of TRGs which stride
over and become below the threshold (orange points), and the total number of observed
TRGs (black points), where the horizontal axis is the ID of each operation.
3.4 Subsample of passive and dusty TRGs
We expected that not only passive galaxies but also dusty star-forming galaxies satisfy the
single-color criterion, because the both Balmer/4000Å break at z & 5 and dust attenuation
in a much wider redshift range can redden the observed K − [3.6] color. This is a similar
issue to the case of the J −K color selection of DRGs (DRGs contain both quiescent galaxies
at z < 3 and dusty galaxies). We, therefore, tried to separate passive galaxies from dusty
star-forming galaxies by using an additional color. Using [3.6] − [4.5] color is plausible for
this aim, because [3.6] − [4.5] color reflects a spectral slope at longward wavelengths of the
Balmer break for galaxies at z = 5 − 7.
We investigated behaviors of the model galaxies in the K − [3.6] vs. [3.6]− [4.5] two color
diagram. We used the model galaxies with the three different SFH (SSP, constant SFR, and
exponentially declining SFR), which come from the BC03 library. We show the representative
results in Figure 3.11 - 3.13. We found that the SSP galaxies at z & 5 and star-forming
galaxies (with Constant or Exponentially declining SFR) are well separated by K − [3.6] =
2.4([3.6]− [4.5])+0.6 (the diagonal boundary in the two color diagrams of Figure 3.11 - 3.13).
But significant exception comes from low redshift star-forming galaxies with large amont of
dust (AV & 6), which are highlighted by the cyan curves in Figure 3.12 and 3.13. While such
extremely dusty galaxies have not confirmed observationally (e.g., [Buat et al.(2005)]), we
need to keep in mind the contamination by them through this thesis. It is also seen that some
SSP model galaxies at z ∼ 4 stride over the boundary of K− [3.6] = 2.4([3.6]− [4.5])+0.6 (the
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Figure 3.11: Left three panels show the behaviors of BC03 SSP model galaxies with the solar
metallicity in the two color diagram, where age and dust extinction AV are changed. In each
track galaxies at z = 0 − 8 are plotted, where z = 1, 3, 5, and 7 are emphasized with open
squares. For 1 Gyr age galaxies, we do not plot the tracks at z ≥ z1Gyr, where the universe
age is younger than 1 Gyr. The models satisfying the dTRG criteria are highlighted by cyan
curves. The reddening vector at z = 5.3 is also shown by black arrow. Right panel shows



















































Figure 3.12: Same as Figure 3.11, but model galaxies have the different SFH (constant-SFR).



















































Figure 3.13: Same as Figure 3.12, but model galaxies have the different SFH (exponentially
declining SFR with τ = 1 Gyr).
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cyan curves in Figure 3.11), which is due to the both old age (& 1 Gyr) and dust reddening.
This, however, is not a problem in the sense that we separate passive galaxies at z = 5 − 7
from other galaxies by the diagonal boundary. We also note that the effect of metallicity
change is degenerates with that of dust reddening and does not change the validity of the
boundary of K − [3.6] = 2.4([3.6] − [4.5]) + 0.6.
From the behaviors of model galaxies in the two color diagram, we subdivide the TRGs
into two types (passive-TRG; pTRG, and dusty-TRG; dTRG) by the following criteria.
K − [3.6] > 2.4([3.6] − [4.5]) + 0.6 (pTRG)
K − [3.6] < 2.4([3.6] − [4.5]) + 0.6 (dTRG)
The divided p/dTRG samples are shown in the K − [3.6] vs. [3.6] − [4.5] two color diagram
of Figure 3.14 with the representative model galaxy tracks. The diagonal boundary is set
parallel to the reddening vector at z = 5.3 so that this color classification is effective even
if passive galaxies have moderate amount of dust (AV . 1). Among the 38 TRGs, eight
are pTRGs and the rest 30 are dTRGs. These eight pTRGs are the candidates of high-z
quiescent galaxies, while contaminations by strong nebular line emitters may still remain (see
next sections).
For the 38 TRGs, we combined multi-band photometry from B to 8.0µm to make SEDs,
where we visually inspected all band images. We did not use the few optical-band flux affected
by diffraction spikes or nearby blue objects in the SED fitting. The 5.8 and 8.0µm photometry,
for which we applied the ‘negative aperture correction’ (Section 3.2), are potentially more
sensitive to blending by nearby other sources than the 3.6 and 4.5µm photometry. We,
however, found that there is no blending source within the 2.4′′ distance (∼ aperture or
FWHM of the 8.0µm image) from each TRG in the 3.6, 4.5, 5.8, and 8.0µm. In the K band
image, only ID3 and ID10 have potential blending sources at ∼ 2′′, but they are not detected
or much fainter than the TRGs in the longer wavelengths. These suggests that source blending
does not affect the 5.8 and 8.0µm photometry as well as the colors at longer wavelength range
than 3.6µm. We also checked the Herschel band-merged catalog ([Wang et al.(2014)]), but
none of the 38 TRGs has counterpart down to 8.8mJy at 250µm (3σ). Strictly speaking,
there are four TRGs which have counterparts in the 250µm image within the 10′′ distances,
but they are likely come from the nearby other foreground objects (ID12, 31, 35, and 38; see
Appendix A).
One among the eight pTRGs and 15 among the 30 dTRGs are detected in the 24µm with
more than 3σ significance ([24] < 19.75). Although far-infrared (FIR) flux is more direct
indicator of dust emissions, SpUDS 24µm imaging is also useful to distinguish local dusty
galaxies and Type-2 AGNs from high-z quiescent galaxies. Caputi et al.(2006) found that
24µm-detected galaxies with [24] < 19.1mag span the redshift range z ∼ 0−4, where galaxies
at z > 2 are rare. It is also expected that the SpUDS 24µm imaging does not have sensitivity
for galaxies at z & 5, especially in the case that they are quiescent. So, the 15 dTRGs with
24µm detections are naturally considered to be low-z dusty galaxies or AGNs, which include
almost all (11/12) of the brightest TRGs with [3.6] < 23mag (Figure 3.9). One pTRG with
a 24µm detection (ID35 or SEDSJ021736.10-045551.1) is the enigmatic object. ID35 is the
faintest among our TRG sample ([3.6] = 24.16; see Figure 3.9), where there is no other 24µm
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Figure 3.14: The observed TRGs in the K − [3.6] vs. [3.6] − [4.5] two color diagram, which
are divided into the pTRGs (open circles) and dTRGs (open triangles). Superposed magenta
filled circles and triangles correspond to those with MIPS 24µm detection. Average colors of
the 8 pTRGs and 30 dTRGs are show by the red filled circles and blue filled triangle, with
the average color errors (1σ). Black diagonal line corresponds to the boundary of p/dTRGs,
which are set so that it is parallel to the reddening vector at z = 5.3 (black arrow). Two model
tracks of BC03 galaxies are also shown. Red tracks consists of the SSP model galaxies at
z = 0−8 with age of 0.6 Gyr, AV = 0, and Z = 0.02. Blue track consists of the constant SFR
model galaxies at z = 0− 8 with age of 0.1Gyr, AV = 4, and Z = 0. Cyan plus signs are the
red H− [3.6] objects reported in Huang et al.(2011). We adopted their 2σ limiting magnitude
as upper limit if the red H− [3.6] objects are fainter than the background fluctuations (2σ) in
their H-band image. The red H − [4.5] object at photometric redshift 6.3 reported in Caputi
et al.(2012) was also identified in our analysis. The colors of this object measured in our
analysis are shown by the cyan cross.
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detected TRGs whose 3.6µm flux is fainter than 23.7mag. The position of the 24µm source
has significant offset from those in the other bands (2.75′′ offset between the 24µm and the
3.6µm sources). The 24µm source may be a foreground / background object, while there is
no counterpart in any other band at the position.
In Figure 3.14, we also show the four red H − [3.6] objects (cyan plus signs; Huang et
al.2011) and one red H − [4.5] object whose photometric redshift is claimed as z = 6.3 (cyan
cross; Caputi et al.2012). Expect for the one red H − [3.6] object, they are all satisfy our
TRG selection criterion, which is consistent with that they are claimed as passive galaxy
candidates at z > 5. Two of the four red H − [3.6] objects are classified as pTRGs.
3.5 Stellar contamination
We checked stellar contamination in our TRG sample. First, red giant stars in the Milky
Way (MW) were ruled out because of their bright absolute magnitudes ranging from −5.3
to −1.5 in the 3.6µm ([Wainscoat et al.(1992)], [Johnson(1966)]), which correspond to the
apparent magnitudes ([3.6] < 18) brighter than our TRGs out to 100 kpc distance.
Figure 3.15: (Left) K − [3.6] colors of M-type and later type dwarf stars as a function of
their absolute 3.6µm magnitudes. (Right) M-type and later dwarf stars in the K − [3.6] vs.
[3.6] − [4.5] two color diagram. In both panels, data come from Dupuy & Liu (2012) and
Leggett et al.(2010).
Next, we investigated the infrared colors of the brown dwarfs, which might have red K −
[3.6] colors due to the cool temperature and methane absorption ([Leggett et al.(2010)]), using
the catalog of Dupuy & Liu (2012). We found that the T7.5 or later type dwarf stars have K−
[3.6] colors redder than our criterion at the absolute magnitude range of [3.6] = 17.5−19.5 (left
panel in Figure 3.15). This suggests that such ultra-cool dwarfs at < 200 pc can contaminate
42
3.6. SED FITTING
our sample, while their extremely red [3.6] − [4.5] colors ([3.6] − [4.5] > 1) are inconsistent
with those of the TRGs (see right panel of Figure 3.15 and Figure 3.14). We expected the
number of the ultra-cool dwarfs (T7.5 - T8.5) at < 200 pc in our survey field (0.34 deg2 at
(l, b) = (170◦,−59◦) assuming the exponentially declining number density n = n0 exp(r/r0)
with n0 = (5.0 ± 1.9) × 10−3 pc−3 (observed value near sun; [Burningham et al.(2013)]) and
r0 = 300 pc (scale height of MW thin disk; [Binney & Merrifield(1998)]), which resulted in
0.84 ± 0.32. We finally concluded that the TRGs are not MW stars but galaxies.
3.6 SED fitting
After obtaining multi-band aperture photometry for the 38 TRGs, we performed SED fitting
in the wavelength range between 0.4µm and 8.0µm to study their nature (redshift, SFH, age,
stellar mass, and so on). We used the public SED fitting code Hyperz ([Bolzonella et al.(2000)]).
SED fitting is important to list possible solutions for the TRGs, while many of them are too
red to be detected in the optical and near-infrared band images and their 2σ upper limits
only weakly constrain their SEDs. By setting flux = 0 and ∆(flux) = 2σ for the flux fainter
than 2σ, we kept the number of the measurements larger than that of the fitting parameters
and avoided the obvious overfitting.
We collected the template SEDs that can explain the extremely red K − [3.6] colors when
they are redshifted or reddened by dust. The 513 SED templates in total were used, which
have different SFH, object types (i.e., stellar synthesis model or empirical spectra; with or
without model nebular emission lines), metallicities, and ages. Our aim through the SED
fitting analysis is to collect all acceptable solutions by different types of galaxies for each
TRG. For this purpose, we divided the 513 templates into the four groups by their SFH and
object types. We performed the SED fitting four times with each template group, where
redshift is changed from 0 to 7 for all templates, but the range of dust extinction AV was set
differently for each template group.
Our settings for SED fitting are summarized in Table 3.6, and the behaviors of some
representative templates in the K − [3.6] vs. [3.6] − [4.5] two color diagram are shown in
Figure 3.16. We adopted the Calzetti dust extinction law for all templates and used the





































































































































































































































































































































































































































































































































































































































































































































































Figure 3.16: Behaviors of the templates used for the SED fitting in the K−[3.6] vs. [3.6]−[4.5]
two color diagram. The horizontal and diagonal black lines correspond to our TRG selection
threshold (K − [3.6] = 1.3) and p/dTRG classification boundary (K − [3.6] = 2.4([3.6] −
[4.5])+0.6). The curves show the colors of the galaxy templates at 0 < z < 8, where the filled
or open circles correspond to z = 1, 3, 5, 7. The color differences among the curves correspond
to their template group (red: QG group, blue: SFG group, green: NL group, and magenta:
QSO group). The age and dust extinction AV are changed for each template.
The first group consists of the 51 quiescent galaxy templates (QG) with the ages from
0 to 20 Gyr, where ages older than the universe age at given redshift are forbidden. These
templates can reproduce the SEDs of galaxies with significant Balmer breaks at z > 5. They
are the BC03 stellar population synthesis models with the instantaneous-burst SFH and solar
metallicity (Z = 0.02). Age steps are the same as those in Bolzonella et al.(2000). We set
no dust extinction (AV = 0 ) for the QG template set, because dust amounts of quiescent
galaxies basically thought to be small ([Forbes(1991)], [van Dokkum & Franx(1995)]).
The second group consists of the 306 star-forming galaxy templates (SFG), which are the
BC03 model spectra with exponentially declining SFR (τ = 1, 3, 5, 15, 30 Gyr) or constant
SFR. Metallicity and age variations are the same as those for QG group. We allowed very
large variety of dust extinction up to AV = 20.
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The third group is comprised of the 153 star-forming galaxy templates with not only stellar
continuum but also nebular emission lines (Nebular emission line template group: NL tem-
plate group). Several authors suggested that the emission lines potentially affect the broad
band photometry for high redshift galaxies ([Schaerer & de Barros(2009)], [Yabe et al.(2009)],
[Schaerer & de Barros(2010)], [Ono et al.(2010)], [Inoue(2011)], [Stark et al.(2013)]). We used
the BC03 model templates with constant SFR as the stellar continuum component. Age vari-
ation is the same as those for QG and SFG groups. Our calculation of the nebular emission
line flux is the same as that in Salmon et al.(2014). The number of ionizing photons were
estimated from SFH, age, and metallicity of each given model, from which we obtained Hβ
line flux assuming case B recombination and an escape fraction of ionizing photons fesc = 0.
The nebular emission line flux is calculated from their Hβ line flux and the line ratio table of
Inoue et al.(2011) who used Cloudy 08.00 ([Ferland et al.(1998)]) to derive nebular spectra as
a function of metallicity. As nebular emission line flux is sensitive to metallicity, we used the
three different metallicity values (Z =0.0001, 0.004, and 0.02). We attenuated both nebular
line flux and stellar continuum with the same dust extinction AV ranging from 0 to 2. Ab-
sorption of ionizing photons (LyC absorption) by dust in the ionized nebulae was neglected in
this study. It is enough to study the cases that nebular emission lines contribute broad-band
flux at the maximum (fesc = 0 and no LyC absorption) for the aim of this study. We also
neglect the Lyα emission line while it is hard to reproduce accurately due to the resonant
scattering. The behaviors of NL templates in K − [3.6] color are complicated because age,
metallicity, and dust of galaxies affect their nebular line and continuum flux differently: young
age, low metallicity, and small amount of dust make nebular line flux and 3.6µm flux higher if
the nebular line is in the 3.6µm, but they make the continuum color bluer at the same time.
We expected from our simulation that the strong Hα lines and [OIII] lines of metal-poor (Z
< 0.004) or young (age < 100Myr) galaxies at z ∼ 4.5 and ∼ 6 make their colors satisfy our
TRG criterion, where the dust reddening is needed in both cases (AV ≥ 1.5).
The final template group contains the three empirical dust-obscured QSO spectra from
the SWIRE Template Library ([Polletta et al.(2007)]). QSO2 template is obtained by com-
bining the observed spectra of FIRST J013435.7-093102 ([Gregg et al.(2002)]) and QSOs in
the Palomar-Green sample ([Polletta et al.(2006)]). Sey2+SB template is the composite tem-
plate containing a powerful starburst component and an AGN component, which was cre-
ated to fit the SED of IRAS 19254-7245 South ([Berta et al.(2003)]). Torus template is the
model used to fit the SED of a heavily obscured Type-2 QSO, SWIRE J104409.95+585224.8
([Polletta et al.(2006)]). These empirical QSO templates are already reddened by dust. So
we additionally redden or blue the spectra with the relatively small range of dust extinction
−1 <AV < 1.
After performing SED fittings four times for the 38 TRGs with the above four template
groups, we obtained four best-fitting solutions for each TRG, from which we selected only
solutions that satisfy χ2ν ≤ 5. The 1σ errors for the best-fit SED parameters were obtained
by estimating the confidence interval (∆χ2 < 1; [Avni(1976)]) for each parameter. Stellar
masses and SFRs were estimated by scaling those of the best-fit BC03 templates to the
observed SEDs. We multiplied them by 2.29, which is the aperture correction factor in the
3.6µm image ([Ashby et al.(2013)]), so that they become the total stellar masses and SFRs.
Figure 3.17 shows an example of the results. Many of TRGs can be fit acceptably by
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more than a few templates, and their χ2ν distributions are not peaky in the parameter space.
This is due to both the effects of poor photometric constraints and the intrinsic similarity of
the template SEDs at λ = 0.4 − 10µm. On the other hand, longer-wavelength photometry
may give clues that resolve the degeneracies between the possible solutions. We rejected QG
solutions for eight TRGs which are detected in 24µm, because the 24µm flux estimated from
their best-fit QG templates are much fainter than the 3σ limiting flux. Similarly, NL solutions
with z > 5 for 24µm detected TRGs are rejected, for which both stellar and dust emission
cannot be detected in the observed 24µm wavelength range (rest-frame 4µm or shorter at
z > 5). Some SFG solutions with low redshift and high AV are less likely for the TRGs
without 24µm detection. In order to verify the SFG solutions for the TRGs without 24µm
detection, we estimated their infrared luminosity (LIR) from the best-fit redshift and AV ,
assuming that the attenuated luminosities at 0.01µm< λ < 2.2µm by dust are re-radiated
at 5µm< λ < 1000µm (LIR = Labs). We further estimated the 24µm flux by redshifting
the Rieke et al.(2009) model SEDs of Luminous Infrared Galaxies (LIRGs) with the same
LIR, and compared them with the observational 24µm flux limit. SFG solutions for the nine
TRGs, which have inconsistency between the 24µm flux estimated from the SFG solutions
and observational limit, were rejected. For QSO solutions, we cannot reject any of them by
using 24µm photometry, because there are large uncertainties in dust emissions of Type-2
AGNs.
After rejecting the unrealistic SED fitting solutions, 11 of the 38 TRGs have four fitting
solutions, 13 have three solutions, seven have two solutions, one has one solution, and six
have no solution. Fourteen of the 15 dTRGs with 24µm detection have neither QG nor NL
solution. This strongly implies that they are AGNs or dusty galaxies at lower redshift, which
will be further discussed in Section 4.2.
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Figure 3.17: The SED fitting result for the typical TRG (ID23). The top panel shows postage
stamp images of the object in all bands, where each box size is 6′′ × 6′′ except for the
SpUDS/MIPS 24µm and HerMES/SPIRE three color (250, 350, and 500 µm) image. The box
size for the 24µm and the SPIRE color image has 18′′ × 18′′ and 72′′ × 72′′ size, respectively.
Yellow circles show 2′′4 diameter apertures used for photometry. Bottom left panel shows the
observed SED (filled black circles) and best-fit model spectra for the object. Grey squares
are CANDELS photometry, where only ACS images are available for this object. Circle or
square with arrow mean that the flux in the band is fainter than the 2σ. Bottom right panel
is the log(χ2ν) contour map over redshift vs. AV space. Best-fit solutions for each template set





The observed properties of the 38 TRGs are shown in Table 4. In this section, at first,
we focus on the passive galaxies at z & 5 (Section 4.1). Next, we investigate what types of
galaxies consist of the remaining of the TRG sample (Section 4.2). We also compare our TRG
sample with the well-known populations of high-z galaxies (Section 4.3).
4.1 Most likely candidates of passive galaxies at z & 5
Eight pTRGs were selected so that they include passive galaxies at z & 5 (Figure 3.14),
where they have relatively young age (. 1 Gyr; age of the universe). Model galaxies with
broader physical properties, however, predict that the pTRGs may still include contamina-
tions by different galaxy types (Figure 3.16). Among the pTRG sample, we further selected
the most likely candidates of passive galaxies by requiring them to be undetected in the B,
V , R, i′, z′, and 24µm bands (> 2σ). The observed B, V , and R bands correspond to
shorter wavelengths than the Lyman break in the rest frame for z & 5 galaxies. The i′ and
z′ non-detection requirement was adopted to reject the strongest nebular line emitters that
have strong UV continuum or Lyα line in those bands. The 24µm non-detection requirement
was adopted to reject local dusty star-forming galaxies and Type-2 AGNs. After excluding
objects detected in the B, V , R, i′, z′, and 24µm bands, we obtained only the three pTRGs,
ID23, 33, and 34 as the passive galaxy candidates.
These three passive galaxy candidates have so few photometric detections in their SEDs
that we could not obtain a single significant solution from the individual SED fitting. We
show the all possible solutions about the nature of the passive galaxy candidates derived from
our SED fitting analysis in Table 4.1. All of them have the QG solutions which are old enough
to explain their red K − [3.6] colors (age > 0.2 Gyr). Their redshifts, ages, and stellar masses
are shown in Figure 4.1 (red circles).
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Table 4.1: Observed properties of TRGs
ID R.A. Dec. K [3.6] [4.5] [24] p/dTRGa
1b 02:17:49.01 -05:23:06.8 19.69±0.00 18.25±0.05 17.52±0.03 14.77±0.00 d
2 02:16:51.17 -04:58:38.4 21.79±0.02 19.62±0.07 18.68±0.03 18.11±0.08 d
3c 02:17:21.11 -05:05:37.9 23.20±0.07 21.72±0.09 20.90±0.07 18.00±0.07 d
4 02:17:24.56 -04:58:41.7 23.12±0.06 21.79±0.09 21.16±0.07 18.49±0.11 d
5 02:18:27.81 -05:19:22.5 23.32±0.07 21.92±0.10 21.05±0.07 17.26±0.04 d
6 02:17:16.35 -05:14:43.2 23.83±0.12 22.14±0.10 21.13±0.07 17.56±0.05 d
7 02:16:50.46 -05:03:20.7 23.90±0.12 22.50±0.11 22.02±0.09 18.80±0.15 d
8 02:17:55.78 -05:30:15.6 23.98±0.13 22.55±0.11 22.00±0.09 19.39±0.26 d
9 02:18:26.63 -05:24:02.3 24.17±0.16 22.84±0.12 22.28±0.09 > 19.75 d
10 02:18:24.72 -04:57:43.5 24.25±0.17 22.87±0.12 22.28±0.09 19.51±0.29 d
11 02:18:34.71 -05:22:44.5 24.30±0.18 22.90±0.12 22.35±0.09 19.11±0.20 d
12 02:17:02.92 -05:12:12.5 24.23±0.17 22.92±0.12 22.43±0.10 18.18±0.08 d
13 02:17:20.77 -05:15:07.0 24.39±0.20 23.02±0.12 22.54±0.10 > 19.75 d
14 02:18:16.98 -05:22:52.0 24.71±0.26 23.32±0.13 22.80±0.10 19.68±0.34 d
15 02:17:59.51 -05:13:45.7 24.58±0.23 23.27±0.13 22.81±0.10 19.73±0.36 d
16 02:17:08.10 -04:56:07.1 25.24±0.43 23.43±0.13 22.62±0.10 18.57±0.12 d
17 02:17:38.62 -05:25:23.3 24.66±0.25 23.33±0.13 22.76±0.10 > 19.75 d
18 02:18:27.29 -05:23:03.4 24.85±0.30 23.37±0.13 22.91±0.11 > 19.75 d
19 02:18:24.44 -05:23:51.0 25.41±0.50 23.56±0.13 23.98±0.14 > 19.75 p
20 02:18:17.41 -05:01:56.7 25.48±0.54 23.50±0.13 23.68±0.13 > 19.75 p
21 02:18:10.17 -05:26:14.7 24.99±0.34 23.60±0.13 23.36±0.12 > 19.75 p
22 02:17:36.71 -05:24:01.7 25.05±0.36 23.68±0.13 23.01±0.11 19.66±0.33 d
23 02:16:38.18 -05:13:52.1 25.24±0.43 23.75±0.13 23.73±0.13 > 19.75 p
24 02:17:27.88 -05:05:59.7 25.38±0.49 23.78±0.14 23.19±0.11 > 19.75 d
25 02:18:13.05 -05:19:34.1 25.39±0.49 23.85±0.14 23.31±0.12 > 19.75 d
26 02:18:03.17 -05:19:09.1 25.17±0.40 23.85±0.14 23.10±0.11 > 19.75 d
27 02:17:50.49 -05:07:53.1 25.43±0.51 23.93±0.14 23.71±0.13 > 19.75 p
28 02:17:14.32 -05:07:45.9 25.31±0.46 23.93±0.14 23.49±0.12 > 19.75 d
29 02:18:24.09 -05:08:05.3 > 25.5 23.99±0.14 23.35±0.12 > 19.75 d
30 02:18:06.17 -04:55:34.2 > 25.5 23.99±0.14 23.25±0.11 > 19.75 d
31 02:17:42.17 -05:25:46.9 > 25.5 23.82±0.14 22.93±0.11 > 19.75 d
32 02:17:03.00 -05:05:10.0 25.27±0.44 23.97±0.14 23.57±0.13 > 19.75 d
33 02:17:20.23 -05:09:07.5 25.45±0.52 23.98±0.14 23.66±0.13 > 19.75 p
34 02:17:15.66 -04:57:59.8 > 25.5 24.03±0.15 23.79±0.13 > 19.75 p
35 02:17:36.10 -04:55:51.1 25.48±0.53 24.16±0.15 24.14±0.14 19.38±0.26 p
36 02:17:43.32 -05:11:57.4 > 25.5 24.06±0.15 23.18±0.11 > 19.75 d
37 02:18:34.05 -05:09:39.5 > 25.5 24.05±0.15 23.55±0.13 > 19.75 d
38 02:17:36.02 -04:59:56.8 25.30±0.46 24.00±0.14 23.65±0.13 > 19.75 d
ap/dTRG classification. ‘p’ and ‘d’ means that the object is pTRG and dTRG, respectively.
bID1 has counterparts in X-ray ([Ueda et al.(2008)]) and radio [Simpson et al.(2006)].
cID3 has counterparts in X-ray ([Ueda et al.(2008)]) and submillimeter [Coppin et al.(2006)].
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Figure 4.1: The ages (top panel) and stellar masses (bottom panel) as a function of a redshift
for the best-fit QG solutions of the most likely passive candidates (red filled circles). Red
asterisk corresponds to the age and stellar mass derived from the SED fitting using QG
template group for the stacked SED of the three passive galaxy candidates.
We made the median stacked images in the B, V , R, i′, z′, J , H, K, 3.6µm, 4.5µm,
5.8µm, 8.0µm, and 24µm for the three passive galaxy candidates to reduce the background
noise fluctuations and constrain their average SEDs. The stacking of only three objects may
cause accidental superposition of very faint foreground objects in the photometric aperture.
In order to check such superposition effect, we made the 800 different stacked images for each
band by rotating the individual images randomly. For these 800 stacked images we performed
photometry to evaluate the average magnitude and standard deviation, and finally selected
one which yields the average magnitude. The standard deviations in magnitude, which are
caused by image rotations, are combined with those of background noise fluctuations to
estimate the photometric errors. The stacked images typically become 0.5 ∼ 1.0 mag deeper
than the individual frames. For these stacked images, we re-performed the SED fitting with
the same manner as adopted for individual objects (Section 3.6). The images, measured SED
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Figure 4.2: Stacked mosaics of the three passive galaxy candidates and summary of the
template fitting for the stacked SED. (Top panels): B, V , R, i′, z′, J , H, K, 3.6µm, 4.5µm,
5.8µm, 8.0µm, and 24µm postage stamp images. Each panel is 6′′ on a side for B − 8.0µm,
and 18′′ for 24µm. (Middle left panel): The measured SED of the stacked object (black filled
circles), where arrows mean non-detections. The acceptable fitting templates are also shown
(QG: red curves; NL: green curves). (Middle right panel) Probability distributions relative to
redshifts, where the probability is estimated from the χ2ν ([Bolzonella et al.(2000)]). (Bottom
panels) χ2ν contour maps as a function of redshift and age/AV in log scale. Here, we do not
show the results of the SED fitting with SFG and QSO template groups, in which the best-fit
SFG and QSO templates were rejected (see the text).
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with the acceptable-fit templates, and the χ2ν contour maps are shown in Figure 4.2. The
marginal detection in the stacked z′-band image is consistent with a picture that they are
galaxies with the relatively faint UV continuum and weak Lyman breaks at z & 5, rather
than actively star-forming galaxies with the strong UV continuum at the same redshift. We
rejected the SFG solution (z = 0.3 and AV = 18.5) and QSO solution (z = 4.9 and AV = 0.7)
because their model spectra are too faint in the optical wavelength range to explain the z′-
band detection at all, while their fitting χ2ν are not so large (0.62 for SFG and 0.69 for QSO).
Furthermore the SFG solution is also inconsistent with the non-detection in the stacked 24µm
image, because dust emission of such high-AV galaxy at z < 1 is detectable in the 24µm. We
estimated its LIR by assuming that the attenuated luminosity at 0.01µm < λ < 2.2µm by
dust is re-radiated at 5µm < λ < 1000µm (LIR =Labs), which results in LIR = 1.0 × 1011 L.
We redshifted the model SED of LIRG ([Rieke et al.(2009)]) with the same LIR to predict the
24µm magnitude of the SFG solution, and obtained [24] = 16.5mag. This is much brighter
than the 2σ (21.1 mag) of the stacked 24µm image, which suggests that the SFG solution
is unlikely. On the other hand, SFG templates at higher redshift with smaller AV than the
best-fit SFG template are possibly consistent with the marginal z′-band detection and lack of
detection in the 24µm, which may also have small χ2ν . This is because χ
2
ν distribution shows
degeneracy between redshift and AV in the fitting with SFG template group, for which we
cannot do anymore at this moment. We only note that the SFG template which have the
smallest χ2ν in the platau-like χ
2
ν distribution can be rejected here. All results of the fitting
for the stacked SED, which include those of the fitting with SFG and QSO template groups,
are shown in Appendix B.
We cannot reject the strong nebular emitter model, which suggests that some or all of
the three passive candidates can be nebular line emitters. However, we do not consider
that all of the pTRGs are emitters. The NL solution for the stacked SED of the passive
candidates has high stellar mass (M∗ > 1010 M) and high dust extinction (AV ∼ 2) at
z & 5. Extremely strong nebular line emitters, of which stellar masses and dust extinctions
are in similar range, are very rare at z ∼ 2 ([van der Wel et al.(2011)], [Maseda et al.(2014)])
and negligible especially in the photometrically selected passive galaxy sample at z ∼ 4
([Straatman et al.(2014)]). It is physically expected that chemical enrichment had proceeded
in massive galaxies, which caused significant metal cooling and surpression of forbidden line
emissions (e.g., [OIII]).
From these above, we conclude that our sample is expected to contain passive galaxies at
z & 5. Their physical properties are expected from the stacking analysis of the most plausible
three candidates: age = 0.36+0.24−0.02 Gyr and M∗ = 5.8
+0.8
−0.8 × 1010 M at z = 6.04
+0.29
−0.80 (red
asterisks in Figure 4.1). They are massive, but consistent with the stellar mass of the analogs
identified at intermediate redshifts (z = 2 − 4; [Muzzin et al.(2013)], [Spitler et al.(2014)]).
4.2 Other galaxy populations in the TRG sample
Three of the eight pTRGs are likely passive galaxies at z & 5, as we showed in the last
section. Among the remaining five pTRGs, ID19 and ID35 are detected in the B, V , and
R, which suggests that they are not at z & 5. Their colors in the optical wavelength range
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are too blue to be dust obscured galaxies at lower redshift, and we could not find conclusive
interpretation for them. One possibility is contamination by foreground objects, as already
suggested for ID35 (Section 3.3). ID20, 21, and 27 are not detected in the B, V , and R,
but detected in both the i′ and z′, suggesting that they are likely at z & 5 but may have
significant UV continuum. It is possible that their strong Hα lines boost 3.6µm flux and make
their [3.6] − [4.5] colors bluer, which is consistent with the solutions of SED fitting with NL
template group. For ID27, the weak 24µm detection (∼ 2.2σ) also supports that this object
is actively star-forming galaxies with substantial amount of dust.
Thirty dTRGs are expected to be dusty star-forming galaxies or Type-2 AGNs from the
behavior of model galaxies in the K − [3.6] vs. [3.6] − [4.5] two color space (Figure 3.16),
which is more likely for the 15 dTRGs with 24µm detections.
We checked AGN abundance among the 24µm detected dTRGs using the AGN selection
criteria of Donley et al.(2012) in the 8.0µm/4.5µm vs. 5.8µm/3.6µm two flux ratio diagram.
In Figure 4.3, 8.0µm/4.5µm flux ratios of the 24µm detected dTRGs are plotted against the
5.8µm/3.6µm flux ratios. The AGN selection criteria defined in Donley et al.(2012) are shown
by magenta wedge, which were made to select AGN-dominated systems with the power-law
SED (fν ∝ να with α < −0.5; black line in Figure 4.3). Donley et al.(2012) also adopted
the criteria that AGNs are monotonically red in IRAC wavelength range ([3.6] > [4.5] >
[5.8] > [8.0]). Three dTRGs that do not satisfy the latter criterion are shown by triangles in
Figure 4.3. Nine of the 15 dTRGs with 24µm detections satisfy the AGN selection criteria
(ID1, 2, 3, 4, 5, 6, 10, 12 and 16). These nine objects include all of the TRGs that have
no SED fitting solution. It is naturally understood that we cannot reproduce the SEDs of
some AGNs, because our QSO templates are limited. We also note that ID1 and 3 are clearly
AGNs, because they are detected in the X-ray with flux brighter than 6×10−16 erg s cm−2 s−1
in 0.5 − 2 keV ([Ueda et al.(2008)]). ID1 is also identified in the Very Large Array (VLA)
100µJy catalog ([Simpson et al.(2006)]), with the flux density at 1.4GHz of 171+−15.5µJy.
ID3 is identified in the 850µm SCUBA Half-Degree Extragalactic Survey (SHADES) catalog
([Coppin et al.(2006)]), with the flux density of 4.55+2.2−2.6 mJy.
It is naturally expected that the 24µm detected dTRGs not classified as AGNs are dusty
star-forming galaxies. We investigated the relation between redshifts and 24µm flux for the
six dTRGs that are detected in the 24µm but do not satisfy the AGN criteria of Donley
et al.(2012), where the redshifts come from the SED fitting using the SFG template group.
Figure 4.4 shows their redshift and 24µm magnitude distribution. We also show the three
model tracks of LIRGs: normal LIRG (LIR = 1011 L), Ultra LIRG (ULIRG; LIR = 1012 L),
and Hyper LIRG (HLIRG; LIR = 1013 L), by using the model SEDs of Rieke et al.(2009).
Bumps at z ∼ 2 of model LIRGs are caused by their PAH emissions at λ ∼ 7.7µm in the rest
frame. Five among the six dTRGs are consistent with the model tracks, which suggests that
they are likely LIRGs with LIR & 1011 L at 1 < z < 4. On the other hand, ID15 in the
redshift vs. 24µm magnitude diagram is far from the HLIRG model track, which suggests that
the SFG solution is unrealistic for this object. Our SED fitting suggests that the QSO/Torus
template at z = 0.1 is only acceptable solution for ID15. We conclude that ID15 is an AGN.
In summary, for the 15 dTRGs detected in the 24µm, it is found that 10 are AGNs and
five are dust-obscured galaxies at z = 1 − 4. For the remaining 15 dTRGs without 24µm






















IRAC color selected AGNs
X-ray sources
Figure 4.3: Fifteen dTRGs detected in the 24µm (3σ; [24] < 19.75). Squares correspond to
the objects with red color in all IRAC colors. Another objects are shown by triangles. The
magenta wedge corresponds to the AGN selection criteria of Donley et al.(2012). The black
line with dots represents the power-law locus from α = −0.5 (lower left) to α = −3.0 (upper
right). The numbers denoted near the symbols are the IDs of some notable objects. Instead
of 1σ error bars, arrows are attached for the object whose 5.8 or 8.0µm flux is fainter than
2σ.
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3 σ limit in [24]
24µm detected dTRG
Figure 4.4: MIPS 24µm detected dTRGs except for the IRAC color selected AGNs in the
redshift vs. [24] diagram (blue filled squares). Their redshifts come from the SED fitting
using the SFG template group. Red curves correspond to the 24µm magnitudes of the model
LIRG (LIR = 1011 L), ULIRG (LIR = 1012 L), and HLIRG (LIR = 1013 L). ID15, which
SED fitting solution is considered to be unrealistic, is shown by magenta cross.
nebular emitters at high redshifts, while we could not conclude whether each of them is Type-2
AGN or dusty star-forming galaxy.
4.3 Comparison with well-known high-z galaxy types
It is important to check how TRGs overlaps with the objects selected by other criteria.
We here compare the K − [3.6] and J − K colors of TRGs with those of other well-studied
high-z galaxy populations.
First, we compare them with LBGs at z & 5. It is reported that a substantial fraction
of LBGs have strong Balmer beaks ([Eyles et al.(2007)], [Oesch et al.(2013)]). We construct
z ∼ 6 and ∼ 7 LBG sample using the CANDELS UDS catalog ([Galametz et al.(2013)]),
which is the multi-band photometry catalog for the HST/WFC3 F160W detected objects.
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The selection criteria are,
i′ − z′ > 1.3
z′ − J < 0.9
z′ < 3σ
B, V, R, F606W > 2σ
for z ∼ 6 LBGs ([Bouwens et al.(2012)]), and
z′ − F125W > 0.8
F125W − F160W < 1.2
z′ − F125W > 0.8 + 0.4 × (F125W − F160W )
F125W < 3σ
B, V, R, i′, F606W,F814W > 2σ
for z ∼ 7 LBGs ([Bouwens & Illingworth(2006)]). The distributions of these LBGs and our
TRGs in the K − [3.6] vs. J −K two color diagram are shown in Figure 4.5. There is a clear
separation between the TRGs and LBGs; LBGs are bluer in both K − [3.6] and J − K than
TRGs. This can be naturally understood if the LBGs are star-forming galaxies with blue
UV-slope and have relatively young stellar population. There is only a LBG that satisfies
the TRG criterion. This i′-drop object with K − [3.6] > 1.3 in the catalog of Galametz
et al.(2013), however, has been reported to have much bluer K − [3.6] color (< 1.3) in the
analysis by other authors (Himiko; [Ouchi et al.(2013)]). There is also no TRG that satisfy
the i′- or z-drop LBG criteria. It can be considered that TRGs and LBGs are different galaxy
types.
Next, we checked K − [3.6] colors of DRGs. DRG selection is similar with TRG but aims
to bracket the Balmer breaks of quiescent galaxies at z = 2 − 3. DRG sample is constructed
from the CANDELS UDS catalog, adopting the following selection criteria.
J − K > 1.4
K < 3σ
where J − K > 1.4 in AB magnitude corresponds to J − K > 2.3 in the Vega system
([Franx et al.(2003)]). They are shown in Figure 4.5 (grey circles). The K − [3.6] colors
of the DRGs are distributed from −1 to 1.5. J − K colors of many TRGs are just lower
limits and they may satisfy DRG selection criteria, which is also suggested from the behavior
of model galaxies even if they are quiescent (red solid curves in Figure 4.5). There is a
significant overlap of TRGs and DRGs in the two color diagram. About 7 % of DRGs have
K − [3.6] > 1.3, which are all bright in the 3.6µm ([3.6] < 23.4). Nine among the 38 TRGs
satisfy DRG criteria, where the J − K colors of the many other TRGs are just lower limits.
These nine TRGs seem to be dusty galaxies or AGNs because they are all dTRGs and have
bright 3.6µm magnitudes ([3.6] < 23). Four and three among the nine TRGs also satisfy the
selection criteria of AGN and dusty star-forming galaxies at z = 1 − 3, respectively, as we
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Figure 4.5: K − [3.6] vs J − K two color diagram for different type galaxies: pTRGs (black
open circles), dTRGs (black open triangles), z ∼ 6 LBGs (i′-drop; cyan open circles), z ∼ 7
LBGs (z′-drop; cyan open triangles), and DRGs (grey circles). Arrows suggest that they are
lower or upper limits in the color. Some model galaxy tracks are also shown: QG models with
the two different ages (0.2 and 0.6 Gyr) (red curves), SFG models with the constant SFR and
the three different dust extinctions (AV = 0, 2, and 4) (blue curves), and NL models with the
metallicity of 0.004 and the two different dust extinctions (AV = 0 and 0.8) (green curves).
We only show from z = 5 to z = 7 for NL model tracks to avoid confusion. Open squares on
the model tracks correspond to at z = 1, 3, 5, and 7.
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discussed in Section 4.2. It is considered that dTRGs are not absolutely different type from
DRGs, where both of them include dusty star-forming galaxies.
From these considerations, we conclude that pTRGs are a new population of galaxies that




In our TRG sample, the most interesting objects are passive galaxies at z & 5 with strong
Balmer beaks. In Section 4.1, we identified the three plausible passive galaxy candidates.
Their stacked SED prefers passively evolving model at z & 5 to star-forming model. In
this Section, we discuss about the physical properties of the candidate passive galaxies at
z = 5 − 7. In the following, we assume that all of the three candidates are really passive
galaxies at z & 5 and have average stellar mass and age at average redshift estimated from
the stacking analysis, while the possibility that they are massive, dusty, but extremely strong
nebular line emitters cannot be ruled out (Section 4.1).
5.1 Implication about the stellar mass density of passive galaxies at
z & 5
We estimated the number and stellar mass density of passive galaxies at z & 5. The survey
volume was calculated from the SEDS area (0.34 deg2) and the redshift range (z = 5 − 7).
The survey incompleteness was also corrected using the completeness of our source extraction
at the 3.6µm magnitude range of pTRGs ([3.6] = 23.5 − 24.0), 56 ± 1% (see Section 3.2 and
Figure 3.3). The estimated number and stellar mass density of passive galaxies at z = 5−7 is
(8.23±4.75)×10−7 Mpc−3 and (4.77±2.83)×104 M Mpc−3, respectively. These densities may
be underestimated, because we might miss some passive galaxies by photometric uncertainties.
We found that about 30 % of objects with intrinsic color of K − [3.6] > 1.3 are not observed
as TRGs after being added the random photometric errors which are extracted from gaussian
probability distributions. This effect, however, do not change the following discussions very
much.
We compared this stellar mass density of passive galaxies at z = 5 − 7 with those at
z < 4 of Muzzin et al.(2013) and Straatman et al.(2014). Muzzin et al.2013 used the COS-
MOS/UltraVISTA survey data to select both star-forming and quiescent galaxies up to z = 4
and to construct their stellar mass functions. Their classification of quiescent and star-forming
galaxies using rest U − V and V − J colors is qualitatively similar with our p/dTRG clas-
sification, in the sense that both selections aim to isolate galaxies with red color by Balmer





































Figure 5.1: (Top panel) Evolution of the stellar mass density in the universe between
z = 0 − 7. Our measurements for passive galaxies at z ∼ 6 is shown by red filled cir-
cle. Other symbols correspond to the measurements from previous studies: red squares
for the quiescent galaxies at z = 0 − 4 ([Muzzin et al.(2013)]), a red cross for the qui-
escent galaxies at z ∼ 4 ([Straatman et al.(2014)]), a magenta triangle for the passive
galaxies at z ∼ 5.2 ([Wiklind et al.(2008)]), blue squares for the star-forming galaxies
at z = 0 − 4 ([Muzzin et al.(2013)]), and cyan pentagons for the LBGs at z = 4 − 6
([González et al.(2011)]). All of them are corrected so that only galaxies with log(M∗/M) ≥
10.7 contribute them. (Bottom panel) Quiescent fraction in stellar mass densities. Symbols
are same as those in the top panel. The sum of quiescent and star-forming galaxies are used
as the total stellar mass densities, where we used the LBGs of González et al.(2011) as star-
forming galaxies for the quiescent galaxies of Straatman et al.(2014), Wiklind et al.(2008),
and this work.
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densities at z = 0−4 by integrating their stellar mass functions down to log(M∗/M) = 10.7,
which equals to the stellar mass limit for our candidate passive galaxy sample. The limit was
estimated from the 3.6µm magnitude limit ([3.6] ∼ 24) of the pTRGs using the BC03 model
galaxies with instantaneous burst SFH and age > 0.3Gyr at z = 6. Straatman et al.(2014)
used the FourStar Galaxy Evolution Survey (ZFOURGE) data to construct quiescent galaxy
sample down to log(M∗/M) = 10.6 at z ∼ 4, where their selection method was same as that
in Muzzin et al.2013 (rest-UV J color selection). For the 15 quiescent galaxies at z ∼ 4, we
adopted our stellar mass limit to calculate the stellar mass density. We show these stellar
mass densities of quiescent galaxies with log(M∗/M) ≥ 10.7 in Figure 5.1. The stellar mass
density at z ∼ 6 revealed in this paper is much lower than that at z = 3 − 4 and consistent
with the trend that the stellar mass density of quiescent galaxies decrease continuously with
increasing redshift.
We also compared the stellar mass density of passive galaxies at z & 5 with those of
Wiklind et al.(2008). The color selection of Wiklind et al.(2008) for passive galaxies at z & 5
is similar to our TRG selection in that they require red K − [3.6] colors, but different in that
they remove the lower redshift contaminations by the blueward colors (J −K and H − [3.6])
instead of [3.6] − [4.5]. They identified the 4 candidate passive galaxies at z = 5 − 7 without
the 24µm detection in the 0.04 deg2 area of GOODS-South field, which have the physical
properties similar to ours, log M∗ = 10.7 − 11.7 and age = 0.2 − 1 Gyr. The stellar mass
density after correcting the detection incompleteness is 1.4 × 106 M Mpc−3, which is much
more than our measurement (Figure 5.1). We cannot obtain the conclusive explanation for
this inconsistency, while it is partially due to that they did not use the nebular line emitter
templates.
In Figure 5.1, the stellar mass densities of star-forming galaxies are also plotted, which
were estimated by integrating the stellar mass functions of star-forming galaxies at z =
0 − 4 ([Muzzin et al.(2013)]) and LBGs at z = 4 − 6 ([González et al.(2011)]) down to
log(M∗/M) = 10.7. From these, we estimated the quiescent fraction, which is defined as the
fraction of stellar mass density of quiescent galaxies compared with total stellar mass density.
Here we assume the sum of stellar mass density of quiescent galaxies and star-forming galaxies
(LBG at z = 4 − 7) as total stellar mass density. The quiescent fraction at z ∼ 6 is only
0.01 ± 0.0007, which is much lower than ∼ 0.15 at z ∼ 4. This suggests that passive galaxies
do not dominate the massive end of stellar mass functions at z > 5. Such rare but non-zero
passive galaxies are naturally considered to be embedded in prominent massive halos, because
both theoretical works (e.g., [De Lucia et al.(2006)]) and observations [Tanaka et al.(2010)],
[Kubo et al.(2013)] suggested that mass assembly and quenching of galaxies preferentially
proceeded in the proto-cluster regions. It is worthwhile to investigate the surrounding envi-
ronments of the passive galaxy candidates individually in future.
5.2 Possible progenitor of passive galaxies at z & 5
Finally, we discuss about progenitor of the passive galaxies at z & 5. Our finding of passive
galaxies at z > 5 strongly suggests intense starburst in these systems at much larger redshift
(z > 6). Submilimeter-selected galaxies (SMGs) are considered as possible progenitors, be-
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cause their dust obscured star formation are much more active than UV-selected star-forming
galaxies which leads rapid consumption of gas and subsequent quenching ([Toft et al.(2014)]).
Although very few SMGs exist with spectroscopic redshifts above z = 6, the object
HFLS3 ([Riechers et al.(2013)]) may be a good example of progenitors of the passive galaxies
at z & 5. HFLS3 was identified by ultra red colors in Herschel SPIRE wavelength range
(λ = 250 − 500µm), and its redshift was determined to be z = 6.3369 ± 0.0009 based
on several emission lines ([Riechers et al.(2013)]). They found that HFL3 has extremely
high SFR (2, 900M yr−1), large amount of gas (1.0 × 1011 M), and large stellar mass
(3.7 × 1010 M). These quantities have been corrected in Cooray et al.(2014), because they
found the object is gravitationally lensed by the two foreground galaxies. The magnifica-
tion factor for HFLS3 is 2.2 ± 0.3, which leads the new estimates, SFR = 1, 320 M yr−1,
M∗ = 5 × 1010 M ([Cooray et al.(2014)]). While they did not estimate the gas mass, we
roughly expect Mgas ∼ 1.0 × 1011/2.2 ∼ 5 × 1010 M. We use these corrected quantities in
the following. Although the gas depletion timescale of HFLS3 is Mgas/SFR ∼ 38Myr, star
formation may be suppressed with shorter timescale (∼ 1−10Myr) because of supernova (and
AGN) feedback. If HFLS3 continue to produce stars for 10 Myr with SFR= 1, 320M yr−1
and experience subsequent passive evolution, this object should become passive galaxies with
M∗ = 6.3 × 1010 M and age ∼ 0.3Gyr at z ∼ 5, which are similar with those of our passive
galaxy candidates. This suggests that the most active starburst (or ‘maximum starburst’)
SMGs can be progenitors of passive galaxies at z & 5.
We also compared their abundances. If ‘maximum starburst’ SMGs are the ancestors of
z = 5 − 7 passive galaxies, their number density at z = 6.3 − 10.1 should be equal with
that of the observed passive galaxies at z = 5 − 7. The redshift range of z = 6.3 − 10.1
is ∼ 0.3Gyr prior to z = 5 − 7, and corresponds to the expected star-forming epoch. We
took account of the following two effects to estimate the number density of z = 6.3 − 10.1
‘maximum starburst’ SMGs having the similar SFR and stellar mass as HFLS3 (i.e., SFR &
1, 000M yr−1 and M∗ & 1010 M). One is the lensing probability for galaxies at z = 6.3 −
10.1. HFLS3, of which observed 500µm flux is S500 = 47 mJy, should have been fainter than
S500 = 30 mJy (the flux cut of the Herschel observations; [Riechers et al.(2013)]) without the
lensing magnification. Therefore, only galaxies strongly magnified among the z = 6.3 − 10.1
‘maximum starburst’ SMGs could be detected in the Herschel observations of Riechers et
al.(2013). We simply assume that the probability that galaxies are magnified and become
brighter than S500 = 30 mJy is 1% (Plens = 0.01). This may be reasonable compared with
the value expected from the semianalytic model (∼ 5% at z = 10; [Barkana & Loeb(2000)]),
where their definition of the lensing probability (probability for producing multiple images)
is different from ours. Another effect is the detection completeness (Pcomp). We estimated
the completeness of the Herschel 500µm observation of Riechers et al.(2013), which is a part
of HerMES ([Oliver et al.(2012)]) in the FLS, Locman Hole, and GOODS-North fields, for
galaxies analog to HFLS3 at z = 6.3 − 10.1. We referred the estimates by Wang et al.(2014)
for objects with flux of 30 mJy at 500µm to obtain Pcomp = 0.5 ± 0.3, where the large
uncertainty is allowed due to the difference of source detection methods. Volume for galaxies
at z = 6.3 − 10.1 in the observed area (20.83 deg2) was estimated to be V = 6.1 × 108 Mpc3.
From these above and the observed number (N = 1), we can expect the number density of
z = 6.3−10.1 ‘maximum starburst’ galaxies that intrinsically have the similar SFR and stellar
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5.2. POSSIBLE PROGENITOR OF PASSIVE GALAXIES AT Z & 5









where we also assumed that the intrinsic redshift distribution is flat at z = 6.3 − 10.1. We
finally obtained nSMG = 3.3× 10−7 Mpc−3. This value is smaller than the number density of
the passive galaxies at z = 5−7 ((8.23±4.75)×10−7 Mpc−3). But, this difference might be due
to the many assumptions which we adopted. For example, if the detection completeness equals
to 0.2 (lower limit), the number density increases to 8.22× 10−7 Mpc−3, which is the same as
that of z = 5−7 passive galaxies. Riechers et al.(2013) reported the four analog galaxies with
the similar red Herschel SPIRE colors as HFLS3, which are not identified spectroscopically.
They also can explain the small difference between the number densities.
Within large uncertainties in the adopted assumptions, we consider that there is no notable
difference between the number density of ‘maximum starburst’ galaxies at z = 6.3− 10.1 and
passive galaxies at z = 5 − 7, which implies that they link each other in the evolutionary
track. The picture that star-formation in the progenitors of passive galaxies at z & 5 rapidly
proceed surrounded by dust is natural extension of the picture for lower redshift quiescent





In this paper, we have investigated the nature of galaxies with extremely red K − [3.6]
colors (TRGs). We identified 38 galaxies with K − [3.6] > 1.3 down to [3.6] ∼ 24mag from
the SEDS UDS 0.34 deg2 area. From the SED fitting in the observed 0.4− 8.0µm wavelength
range, we found that the TRGs are typically well fit by the four types of templates with
different properties; passive galaxies at z = 5 − 7, dust-obscured star-forming galaxies at
wider redshift range, strong nebular line emitters at z > 4 (Hα emitters at z ∼ 4.5 and [OIII]
emitters at z ∼ 6), and Type-2 AGNs.
We finally selected the three candidate passive galaxies at z & 5 by adopting blue
[3.6] − [4.5] color and non-detection in the B, V , R, i′, z′, and 24µm. The best-fit tem-
plate for the stacked mosaics is the model of passive galaxy with M∗ = 5.8+0.8−0.8 × 1010 M
and age = 0.36+0.24−0.02 Gyr at z = 6.04
+0.29
−0.80, where the nebular emitter solution are also al-
lowed. We estimated the number and stellar mass densities of passive galaxies at z & 5 down
to log(M∗/M) = 10.7 assuming the three pTRGs are really such objects, which results in
(8.23± 4.75)× 10−7 Mpc−3 and (4.77± 2.83)× 104 M Mpc−3, respectively. This stellar mass
density of passive galaxies at z = 5 − 7 is consistent with the declining trend previously ob-
served over 0 < z < 4. Comparison between the number densities of the passive candidates
at z = 5 − 7 and ‘maximum starburst’ SMGs at z = 6.3 − 10.1 such as HFLS3 reported in
Riechers et al.(2013) suggests that they link each other in the evolutionary track. Our finding
of passive galaxy candidates suggests that first starburst and subsequent quenching process
have been completed by z ∼ 6.
We also investigated nature of the other TRGs. Fifteen TRGs with red [3.6] − [4.5]
colors (dTRGs), which are also detected in the 24µm, are identified as AGNs and LIRGs at
z = 1−4 from the AGN criteria of Donley et al.(2012) and comparison with the model LIRGs
([Rieke et al.(2009)]).
TRGs are typically too red and too faint to further constrain their detailed proper-
ties against the photometric uncertainties. These galaxies, however, will be fully revealed
with the next-generation infrared instruments on the future Wide-field Imaging Surveyor





Images, SED fitting properties, and
positions of individual TRGs
In the following, we show postage stamp images, all SED fitting solutions, observed SEDs
with the fitting templates, fitting probability as a function of redshift, and fitting χ2ν contour
map (log scale) in the parameter space, for the all TRGs.
Postage stamp images consist of SXDS/B, V , R, i′, z′, UKIDSS/UDS/J , H, K, SEDS/3.6µm,
4.5µm, SpUDS/5.8µm, 8.0µm, 24µm, HerMES/[250]+[350]+[500] color images. CANDELS/F606W ,
F814W , F125W , F160W images are also used if they are available. Panel size is 6′′ × 6′′
except for the MIPS 24µm and the HerMES color image. MIPS 24µm and HerMES color
images has 18′′ × 18′′ and 72′′ × 72′′ sizes, respectively. Yellow circles show 2.4′′ apertures
that are used for photometry. Yellow boxes superimposed in the 24µm and HerMES color
images have sides of 6′′. Magenta circles are superimposed on the MIPS 24µm or the HerMES
250µm images if TRGs have counterparts brighter than the 3σ. The sizes of Magenta circles
are the same as the matching radius (3.5′′ and 10′′ for the MIPS and HerMES, respectively).
In catalog matching, we used the original SExtractor detection catalog for the MIPS image
and the HerMES catalog (Wang et al.2014).
In the table below the postage stamps, we show all possible solutions derived from the
SED fitting analysis. Note that we rejected some QG and NL solutions which are much fainter
in the 24µm than observed as well as SFG solutions which are inconsistent with non-detection
in the 24µm (Section 3.6).
In the fitting probability function figure and χ2ν contour map (log scale), we show the four
types of probability and χν which correspond to operations with the four template groups
(QG, SFG, NL, and QSO). Note that we do not show the χ2ν contour map in the z versus
AV space for the case of QG-fit and χ2ν contour map in the z versus age space for the case of
QSO-fit. This is because AV and age was fixed in the case of QG-fit and QSO-fit, respectively.
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
A.1 pTRGs without 24µm detection
: K − [3.6] > 1.3, K − [3.6] > 2.4([3.6]− [4.5]) + 0.6, and undetected in the 24µm ([24] > 3σ)
70
A.1. PTRGS WITHOUT 24µM DETECTION
ID19
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021824.44-052351.0
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.1: Possible SED fitting solutions for ID19
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG CS 0.02 2.51 1.0 1.77 12.49 2.300
NL CS 0.0001 1.96 2.0 0.11 171.80 0.006
QSO Sey2+SB · · · 0.10 -0.8 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID20
SXDS/B SXDS/V SXDS/R SXDS/i SXDS/z CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021817.41-050156.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.2: Possible SED fitting solutions for ID20
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.21 0.0 5.62 0.00 0.360
SFG E1 0.02 4.83 1.5 9.85 140.23 0.719
NL CS 0.004 4.00 2.0 0.48 3047.44 0.002
QSO QSO2 · · · 1.20 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.1. PTRGS WITHOUT 24µM DETECTION
ID21
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021810.17-052614.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.3: Possible SED fitting solutions for ID21
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.07 0.0 6.14 0.00 0.360
SFG E1 0.02 4.97 1.5 13.26 188.73 0.719
NL CS 0.004 4.94 1.5 10.77 163.12 1.015
QSO QSO2 · · · 1.23 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID23
SXDS/B SXDS/V SXDS/R SXDS/i SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021638.18-051352.1
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.4: Possible SED fitting solutions for ID23
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.30 0.0 6.56 0.00 0.509
NL CS 0.004 6.60 2.0 4.68 1066.88 0.052
QSO QSO2 · · · 4.82 0.4 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.1. PTRGS WITHOUT 24µM DETECTION
ID27
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021750.49-050753.1
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.5: Possible SED fitting solutions for ID27
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 4.96 0.0 4.38 0.00 0.360
SFG E3 0.02 4.72 1.5 7.67 140.16 0.719
NL CS 0.02 4.74 1.4 7.85 117.27 1.015
QSO Sey2+SB · · · 0.10 0.7 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID33
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021720.23-050907.5
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.6: Possible SED fitting solutions for ID33
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 7.00 0.0 6.33 0.00 0.255
SFG CS 0.02 6.90 2.5 5.46 8921.64 0.006
NL CS 0.02 7.00 1.6 12.60 675.87 0.255
QSO QSO2 · · · 2.87 0.6 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.1. PTRGS WITHOUT 24µM DETECTION
ID34
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021715.66-045759.8
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.7: Possible SED fitting solutions for ID34
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 6.68 0.0 11.65 0.00 0.719
NL CS 0.004 6.15 2.0 0.70 6952.81 0.001
QSO QSO2 · · · 6.77 -0.1 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
A.2 pTRGs with 24µm detections
: K − [3.6] > 1.3, K − [3.6] > 2.4([3.6] − [4.5]) + 0.6, and detected in the 24µm ([24] < 3σ)
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A.2. PTRGS WITH 24µM DETECTIONS
ID35
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021736.10-045551.1
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.8: Possible SED fitting solutions for ID35
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG CS 0.02 2.20 1.5 0.14 67.43 0.023
NL CS 0.02 1.91 1.5 0.09 46.53 0.023
QSO QSO2 · · · 0.10 0.1 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
A.3 dTRGs without 24µm detection
: K − [3.6] > 1.3, K − [3.6] < 2.4([3.6]− [4.5]) + 0.6, and undetected in the 24µm ([24] > 3σ)
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A.3. DTRGS WITHOUT 24µM DETECTION
ID9
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021826.63-052402.3
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.9: Possible SED fitting solutions for ID9
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.28 0.0 19.18 0.00 0.509
NL CS 0.0001 6.59 2.0 56.11 2239.31 0.360
QSO QSO2 · · · 5.61 -0.2 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID13
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021720.77-051507.0
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.10: Possible SED fitting solutions for ID13
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 4.39 0.0 19.08 0.00 1.434
NL CS 0.004 5.78 2.0 37.24 564.09 1.015
QSO QSO2 · · · 5.08 0.4 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID17
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021738.62-052523.3
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.11: Possible SED fitting solutions for ID17
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 2.53 2.5 1.01 262.52 0.045
NL CS 0.02 3.21 1.6 8.45 67.78 2.000
QSO Sey2+SB · · · 3.45 -0.2 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID18
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021827.29-052303.4
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.12: Possible SED fitting solutions for ID18
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.28 0.0 17.32 0.00 1.015
NL CS 0.004 7.00 1.8 34.90 996.45 0.509
QSO QSO2 · · · 5.02 0.9 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID24
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021727.88-050559.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.13: Possible SED fitting solutions for ID24
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.79 0.0 15.60 0.00 1.015
SFG E3 0.02 1.49 5.0 2.57 6.65 3.500
NL CS 0.0001 6.53 2.0 34.08 728.35 0.719
QSO QSO2 · · · 5.94 0.1 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID25
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021813.05-051934.1
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.14: Possible SED fitting solutions for ID25
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.79 0.0 14.42 0.00 1.015
SFG E1 0.02 2.18 3.5 5.85 8.05 2.600
NL CS 0.004 7.00 2.0 23.77 931.24 0.360
QSO Sey2+SB · · · 2.89 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID26
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021803.17-051909.1
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.15: Possible SED fitting solutions for ID26
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.79 0.0 15.81 0.00 1.015
SFG E1 0.02 4.19 4.5 8.15 13276.78 0.006
NL CS 0.0001 6.56 2.0 36.20 773.63 0.719
QSO QSO2 · · · 5.21 0.9 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID28
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021714.32-050745.9
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.16: Possible SED fitting solutions for ID28
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 4.33 0.0 8.41 0.00 1.434
SFG E1 0.02 2.74 3.0 4.83 42.42 1.015
NL CS 0.004 4.23 2.0 8.73 96.46 1.434
QSO Sey2+SB · · · 2.38 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID29
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021824.09-050805.3
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.17: Possible SED fitting solutions for ID29
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 7.00 0.0 16.32 0.00 0.719
SFG E1 0.02 1.74 2.5 0.17 63.94 0.030
NL CS 0.02 1.99 1.4 1.69 8.11 3.500
QSO Sey2+SB · · · 2.87 -0.4 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID30
SXDS/B SXDS/V SXDS/R SXDS/i SXDS/z CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021806.17-045534.2
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.18: Possible SED fitting solutions for ID30
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 7.00 0.0 17.34 0.00 0.719
NL CS 0.02 5.78 2.0 26.78 400.08 1.015
QSO Sey2+SB · · · 4.02 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID31
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021742.17-052546.9
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.19: Possible SED fitting solutions for ID31
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 7.00 0.0 21.15 0.00 0.719
NL CS 0.02 5.78 2.0 33.33 497.82 1.015
QSO QSO2 · · · 6.46 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID32
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021703.00-050510.0
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.20: Possible SED fitting solutions for ID32
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.07 0.0 4.61 0.00 0.360
SFG CS 0.02 2.78 2.5 0.74 170.27 0.052
NL CS 0.0001 5.01 2.0 12.06 352.21 0.509
QSO QSO2 · · · 1.29 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID36
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021743.32-051157.4
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.21: Possible SED fitting solutions for ID36
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 5.79 0.0 13.11 0.00 1.015
NL CS 0.004 5.78 2.0 17.85 270.46 1.015
QSO QSO2 · · · 5.86 1.0 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID37
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021834.05-050939.5
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.22: Possible SED fitting solutions for ID37
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 7.00 0.0 14.66 0.00 0.719
NL CS 0.004 5.90 2.0 0.72 4526.44 0.002
QSO QSO2 · · · 6.38 0.1 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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A.3. DTRGS WITHOUT 24µM DETECTION
ID38
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021736.02-045956.8
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.23: Possible SED fitting solutions for ID38
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 4.90 0.0 7.59 0.00 1.015
SFG E1 0.02 4.68 1.5 10.31 90.45 1.015
NL CS 0.004 4.39 1.7 7.41 81.79 1.434
QSO Sey2+SB · · · 4.11 -0.2 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
A.4 dTRGs with 24µm detections
: K − [3.6] > 1.3, K − [3.6] < 2.4([3.6] − [4.5]) + 0.6, detected in the 24µm ([24] < 3σ)
96
A.4. DTRGS WITH 24µM DETECTIONS
ID1
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021749.01-052306.8
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
There is no SED fitting solution with χ2ν < 5, but ID1 is a IRAC power law AGN satisfying
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID2
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021651.17-045838.4
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
There is no SED fitting solution with χ2ν < 5, but ID2 is a IRAC power law AGN satisfying
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A.4. DTRGS WITH 24µM DETECTIONS
ID3
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021721.11-050537.9
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
There is no SED fitting solution with χ2ν < 5, but ID3 is a IRAC power law AGN satisfying
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID4
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021724.56-045841.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.24: Possible SED fitting solutions for ID4
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 3.78 3.0 17.59 6102.24 0.033
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
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A.4. DTRGS WITH 24µM DETECTIONS
ID5
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021827.81-051922.5
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
There is no SED fitting solution with χ2ν < 5, but ID5 is a IRAC power law AGN satisfying
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID6
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021716.35-051443.2
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
There is no SED fitting solution with χ2ν < 5, but ID6 is a IRAC power law AGN satisfying
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A.4. DTRGS WITH 24µM DETECTIONS
ID7
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021650.46-050320.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.25: Possible SED fitting solutions for ID7
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 1.97 3.0 12.25 16.85 2.600
QSO QSO2 · · · 5.81 -0.2 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID8
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021755.78-053015.6
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.26: Possible SED fitting solutions for ID8
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 2.70 3.0 2.57 892.79 0.033
NL CS 0.02 3.98 2.0 31.46 342.07 1.434
QSO Sey2+SB · · · 3.96 0.1 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
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A.4. DTRGS WITH 24µM DETECTIONS
ID10
SXDS/B SXDS/V SXDS/R SXDS/i SXDS/z CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021824.72-045743.5
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
There is no SED fitting solution with χ2ν < 5, but ID10 is a IRAC power law AGN satisfying
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID11
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021834.71-052244.5
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.27: Possible SED fitting solutions for ID11
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 3.43 5.0 16.92 42773.81 0.004
QSO QSO2 · · · 5.10 0.6 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.


















































 34.1 34.2 34.3 34.4 34.5 34.6 34.7






















A.4. DTRGS WITH 24µM DETECTIONS
ID12
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021702.92-051212.5
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.28: Possible SED fitting solutions for ID12
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG CS 0.02 7.00 3.0 26.73 43674.33 0.006
QSO Sey2+SB · · · 2.00 0.6 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.


















































 34.1 34.2 34.3 34.4 34.5 34.6 34.7






















APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID14
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021816.98-052252.0
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.29: Possible SED fitting solutions for ID14
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 1.82 3.5 5.25 7.22 2.600
QSO QSO2 · · · 5.87 -0.1 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
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A.4. DTRGS WITH 24µM DETECTIONS
ID15
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021759.51-051345.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.30: Possible SED fitting solutions for ID15
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 7.00 1.5 40.40 885.84 0.509
QSO Torus · · · 0.10 -0.4 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
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APPENDIX A. IMAGES, SED FITTING PROPERTIES, AND POSITIONS OF
INDIVIDUAL TRGS
ID16
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021708.10-045607.1
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.31: Possible SED fitting solutions for ID16
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 7.00 3.0 121.48 5751.70 0.255
QSO Torus · · · 1.69 0.5 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
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A.4. DTRGS WITH 24µM DETECTIONS
ID22
SXDS/B SXDS/V SXDS/R SXDS/i
SXDS/z
CANDELS/F606W CANDELS/F814W CANDELS/F125W CANDELS/F160W UDS/J
UDS/H UDS/K SEDS/[3.6]
SEDSJ021736.71-052401.7
SEDS/[4.5] SpUDS/[5.8] SpUDS/[8.0] SpUDS/[24] HerMES/SPIRE
Table A.32: Possible SED fitting solutions for ID22
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
SFG E1 0.02 1.76 4.5 3.07 15.39 1.434
QSO QSO2 · · · 5.51 0.4 · · · · · · · · ·
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
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Images and SED fitting properties
of the stacked passive candidate at
z & 5
Same as Appendix A, but for the stacked mosaics of the three candidate passive galaxies.
We note that the SEDs and properties of the best-fit SFG template and QSO template
are not shown in the following, because they were rejected from the comparison with the
observed flux in the z′ and 24µm. Nevertheless, χ2ν distribution as a function of redshift and
coutour map are shown for the cases of SED fittings with the SFG and QSO template groups.
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APPENDIX B. IMAGES AND SED FITTING PROPERTIES OF THE STACKED
PASSIVE CANDIDATE AT Z & 5
B V R i’ z’ J H
K [3.6] [4.5] [5.8] [8.0] [24]
Table B.1: Possible fitting solutions for the stacked SED of the candidate passive galaxies
Population SFHa Metallicity Redshift AV M∗ SFR Age
[mag] [1010 M] [M yr−1] [Gyr]
QG IB 0.02 6.04 0.0 5.83 0.00 0.360
NL CS 0.004 6.50 2.0 1.29 1352.85 0.010
aIB: Instantaneous Burst, CS: Constant Star formation rate, E1, E3, E5, E15, and E30: Exponential decline
with τ = 1, 3, 5, 15, and 30Gyr, respectively.
We rejected the best-fit SFG solution (z = 0.31, AV = 18.5, and age = 0.006Gyr) and QSO
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[Labbé et al.(2005)] Labbé, I., Huang, J., Franx, M., et al. 2005, Astrophys. J. Letters, 624,
L81
[Laidler et al.(2007)] Laidler, V. G., Papovich, C., Grogin, N. A., et al. 2007, PASP, 119,
1325
[Lawrence et al.(2007)] Lawrence, A., et al., 2007, Mon. Not. R. Astron. Soc., 379, 1599
[Le Floc’h et al.(2005)] Le Floc’h, E., Papovich, C., Dole, H., et al. 2005, Astrophys. J., 632,
169
[Leggett et al.(2010)] Leggett, S. K., Burningham, B., Saumon, D., et al. 2010, Astrophys.
J., 710, 1627
[Leitherer et al.(1999)] Leitherer, C., Schaerer, D., Goldader, J. D., et al. 1999, Astrophys.
J. Suppl. Ser., 123, 3
[Levenson et al.(2010)] Levenson, L., Marsden, G., Zemcov, M., et al. 2010, Mon. Not. R.
Astron. Soc., 409, 83
[Lonsdale et al.(2006)] Lonsdale, C. J., Farrah, D., & Smith, H. E. 2006, Astrophysics Update
2, 285
[MacCarthy et al.(2001)] MacCarthy, P. J., et al., 2001, Astrophys. J., 560, 131
[Maraston(2005)] Maraston, C. 2005, Mon. Not. R. Astron. Soc., 362, 799




[Marcillac et al.(2006)] Marcillac, D., Elbaz, D., Charlot, S., et al. 2006, Astron. Astrophys.,
458, 369
[Maseda et al.(2014)] Maseda, M. V., van der Wel, A., Rix, H.-W., et al. 2014, Astrophys.
J., 791, 17
[McDermid et al.(2006)] McDermid, R. M., Emsellem, E., Shapiro, K. L., et al. 2006, Mon.
Not. R. Astron. Soc., 373, 906
[Miyazaki et al.(2002)] Miyazaki, S., Komiyama, Y., Sekiguchi, M., et al. 2002, Publ. Astron.
Soc. Japan, 54, 833
[Mo, van den Bosch, & White(2010)] Mo, H., van den Bosch, F. C., & White, S., 2010,
Galaxy Formation and Evolution, Cambridge: Cambridge Univ. Press
[Mobasher et al.(2005)] Mobasher, B., Dickinson, M., Ferguson, H. C., et al. 2005, Astrophys.
J., 635, 832
[Morishita et al.(2014)] Morishita, T., Ichikawa, T., & Kajisawa, M. 2014, Astrophys. J., 785,
18
[Muzzin et al.(2013)] Muzzin, A., Marchesini, D., Stefanon, M., et al. 2013, Astrophys. J.,
777, 18
[Naab et al.(2009)] Naab, T., Johansson, P. H., & Ostriker, J. P. 2009, Astrophys. J. Letters,
699, L178
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